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SUMMARY {
N
The fifth semi-annual technical reports are collected from three subcontractors of an
APPA-sponsored program to study the very low-temperature properties of structural materials
11 support of the development of superconducting machinery. Th» program 1s outlined and ¢
new research results are reported. Low-temperature results are given for the following
properties: elastic, tensile, fatigue and fracture, thermal expansion, specific heat,
thermal and magnetothermal conductivity, elractrical and magnetic. Effects of processing E
and fabrication are also considered for some properties; weld and braze-joint properties
are included. Tensile and compressive properties at 4 X of selected composite materials
are presented.
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Table 1. Organizational Contacts, ARPA Low-Temperature
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Pittsburgh, Pennsylvania 15235
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Ext.
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INTRODUCTION

This report contains results of a research program designed to fill the need for mate-
rials properties data to facilitate design and development of superconducting machinery.
The program was conceived and developed jointly by the staffs of the Materials Science
Group at the Advanced Research Projects Agency and the Cryogenics Division of the National
Bureau of Standards. This ARPA - sponsored program on 'Materials Research in Suppo't of

Superconducting Machinery" is managed by NBS, with subcontracts to two other laboratories.
PROGRAM DESCRIPTION

The program's objectives are: (1) to evaluate candidate structural materials for use
in superconducting electrical machinery by determining their mechanical and physical pro-
perties between 4 and 300 K and the effects of processing and joining on these properties;
(2) to explor: new materials, such as composites, for potential innovative design applica-
tions by performing screening tests on their low-temperature properties; (3) to assist
the information transfer of the available low-temperature properties data into design use
'v compiling and publishing existing data; and (4) to assess which materials and properties
nzed further study.

The third-year program plan to meet these objectives is shown in Tables 2 and 3. The
research efforts at three research laboratories are described briefly in Table 2. As
shown in the Tables, the major thrust has been fatigue and fractuve measurements at low
temperatures where virtually no data have existed previously. Major material categories
include: structural alloys, composites, ferromagnetic alloys, and high-strength high-
conductivity alloys.

Two workshops were held, and a third is planned for Vail, Colorado, April 5-7, 1976.
These workshops have brought together research personnel Department of Defense project
staff members. Design-materials interfacing problems were discussed and emphusis was
placed on meeting Department of Defense materials needs.

A major new materials conference, the International Crypgenic Materials Conference,

was held at Kingston, Ontario, in July, 1975. Over 60 technical papers (14 from this

program) were presented and the proceedings will appear as a bound volume.




Program Area
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Table 2, Outline of Third-Year ARPA-Sponsored Program on
Matertals Rescarch for Superconducting Machinery

Organization

A. Mechanical Properties

L.

Fracture and Fatigue

NBS,Cryogenics
Westinghouse
Effects of Processing and Joining
315 Processing Westinghouse
b. Joining Westinghouse

Elastic Propertics NBS,Crvogenics

Program Description

Fracture toughness, fatigue
crack-growth rate, fatigue

sustained-load crack-growth
rate tests from 4-300 K on

structural alloys,

effects of stress level and
frequency.

Mechanical, magretic,
electrical loss characteriza-
tion of alloys proposed for use
in DOD-sponsored programs.
Mechanieal tests include ten-
sile, fracture toughness,
fatigue.

Identification of effects of
fabrication and processing
techniques on mechanical
properties of selected alloys.
Variables include industrial
melting practices, powder
metallurgy techniques, cold
working, grain size, and
inhomogen=ities.

Mechanical properties of
fabricated metal joints,
including welding (CTAW, EB,
CMAW), brazing, and soldering

from 4-300 K. Properties

include tensile, noitched tensile,
fracture toughness, and fatigue
crack growth rate in the fused
and heat affected zones and

the base metal.

Young's shear, bulk moduli;
Poisson's ratio; dynamic tests:
=300 K; structural allovs and
composite materials.
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B.

C.

b.

Program Area Organization

Thermal Properties
4. Thermal Expansion,

Specific Heat Battelle
5. Thermal-Magnetothermal
Conductivity NBS, Cryogenics
Composites
6. Evaluation of Advanced
Composites NBS,Cryogenics
Data Compilation and Evaluation
7. Handbook Battelle

8. Workshop Meeting NBS,Cryogenics

Program Description

Thermal expansion and
specific heat measurements
on selected insulations and
structural alloys and com-
posites.

Thermal conductivity and
thermal conductivity in
magnetic fields up to 50
kilogauss from 4-300 K of
structural alloys and com-
posites.

Screening tests (tensile, fatigue
at 4 K) on selected candidate
metal and non-metal base
composites, including B-epoxy,
C-epoxy and polyimide, PRD
49-epoxy, borsic-Al, steel-Al.

Publication of Handbook
containing recommended best
value data and complete set

of references for over 80
additional materials (structural
alloys, superconductors, electri-
cal materials, and polymers).
Data presented in graphical and
tabular formats; mechanical,
thermal, electromagnetic pro-
perties from 0-300 K.

Organization of meeting for
mutual data sharing and inter-
action with service agencles aud
their contractors.
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Table 3. Materials Obiectives
SUPERCGNDUCTING HIGH STRENGTH
PROPERTIES STRUCTURAL COMPOSITES FERROMAGNETIC MAGNET HIGH CONDUCTIVITY
Fracture Toughness, | 21-6-9(NBS,W) Fe-49N1i (NBS) PD-135(W)
fatigue Crack inc 718(W) Fe-Ni-Co(NBS)
Growth Rate, Tensile | AISI 310(NBS)
lLow Expan Fe-Ni (W)
A} 2014, 2219(MBS)
A286(W)
Fatique ALST 304(M) B/epoxy(NBS)
B/A1(NBS)
C/epoxy{NBS)
K-49/epoxy(NBS)
S-glass/epoxy(NBS)
Elastic 21-6-9(NBS) 8/A1(NBS) Fe-49N1i(NBS)
Al 2014, 2219(NBS) Fe-Ni-Co(NBS)
Thermal Conductivity B/AT(NBS) Fe-Ni-Co(NBS)
G/AT{NBS) Fe-49N7 (NBS)
Thermal Expansion Ti-6A1-4V(B) S-glass/epoxy(B) Potting Compds
and Specific Heat Ti-5A1-2.5Sn(B) C/epoxy(B) (B)
Inconel 600,706(B) | Kevlar/epoxy(B)
Hastelloy B,C(B) B/A1(B)
Pyromet 630,860(8B)
Invar(B)
Magneto-Thermal ALSI 304(NBS) Fe-49Ni(NBS) | NbTi(NBS)
Conductivity Ti-6A1-4V(NBS) CuSn(NBS)
1100 AT(NBS) CuNi{NBS)
Magnetic Inc 718(W) AISI 410(W) PN-135(W)
Low Expan Fe-Ni(W) Fe-9Ni (W)
Fe-78Ni(W)
Fe-3S1 (W)
Armco Fe(W)




HIGHLIGHTS OF RESULTS

A general overview of the program is best ohtained by examining the individual tech-

nical reports contained herein., A summary of materials studied during the third year of

| B the program is given in table 3. The major technical accomplishments to date are briefly

as follows:

| i The Handbook on Materials for Superconducting Machinery was published in 1974. The
A : second edition of the Handbook was published in December of 1975. It included approximately
cighty materials and approximately thirty mechanical and physical properties.
A variety of mechanical properties have been studied for six different composite
L materials at low temperatures.

Thermal expansion data at low-temperatures have now been obtained for about thirty

s

; ; materials, and low-temperature specific heats have been obtained for eight materials.

;. Elastic constants at low-temperatures have been determined for about thirty engineering
h § | alloys and a composite.

é} 4 Magnetothermal conductivities, including thermal conductivities have been measured at

P i low temperatures for ten materials, and the electrical conductivities of scme of these
materials have also been measured.

Thermal conductivity measurements on six additional structural materials, including

i a boron-epoxy composite, have also been made.

i; Fatigure-crack growth-rate data and fracture toughness data have been determined for
?' about twenty-five important structural alloys and weldwents. Also, conventional fatigue
3 data were obtained for five alloys. For most of these materials, the usual tensile proper-
!f' ties--elongation, reduction in area, yield strength and ultimate strength -- were also

?: obtained.

|

5; A new major material conference, the International Cryogenic Materials Conference

‘F (ICMC) was held in Kingston, Ontario during July, 1975. Over sixty contributed papers

f' were presented at the conference, and these will appear in a forthcoming book.

g To facilitate information exchange, expecially between researchers and designers,

:& a third workshop will be held in Vail, Colorado in April, 1976.

e
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HANDBOOK {

One of the important outputs of this program is the Handbook. In one volume, it col-
lects information, includingdata generated by this program, on the low-temperature proper-
ties of structural materials of possible use in superconducting machinery. The Handbook )
project is directed by K. R. Hanby at Battelle (Columbus Laboratories). It presents in
loose~leaf format the mechanical, elastic, thermal, electrical, and magnetic properties

of materials for superconducting machinery. Best-value data are presented either graph-

~
ically and/or tabularly together with original data and test conditions. It contains data on ’
about seventy metals,alloys, and polymers in various conditions: and it contains about

1000 references to the experimental literature. The principal reference sources were the

Materials and Ceramlcs Information Center (MCTC), the Defense Documentation Center (DDC), L4

and the Cryogenic Information Center (CIC).

Handbooks can be ordered from the National Technical Information Service (NTIS),

Operation Division, Springfield, Virginia 22151 by reques ing: Handbook on Materials for

Superconducting Machinery (November 1974) MCIC - HB - 04 and its supplements.

6 USCOMM - ERL
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FOREWORD

Tuis sesearch was supported by the Advanced Research Projects Agency of the Department

of Defense with Dr. Edward C. VanReuth as Project Monitor. The handbook preparation task

was subcontracted to Battelle-Columbus by the Cryogenics Division, National Bureau of

Standards under Contract No. CST-8303 with Dr. Richard P. Reed as Prograrn Manager and

Contract Monitor.
The research described in this report was carried out under ARPA Order No. 2569 and
Program Code 4D10 by the Metals and Ceramics Information Center (MCIC) with K. R. Hanby

(614, 424-6424, Extension 1784) as the Program Coordinator, and K. E. Wilkes (614, 424-6424,

Extension 3489), and J. K. Thompson (614, 424-6424, Extension 2612) as Principal Investiga-
tors. Contract No. CST-8303 includes two tasks. Task I of the current program provides for
a compilation of low-temperature property data on an expanded series of selected materials for
structural applications in superconducting machinery. These dara compilations will be produced
as the second Revision of the “Handbook on Materials for Superconducting Macliinery™.
Task 1I provides for determination of thermal expansion and specific heat values at cryogenic
temperatures for selected structural alloys. The Semiannual Technical Report on ‘e latter
program is presented under separate cover. Overall contract funding was 390,000 with
$60.000 for the handbook program and $30.000 for tiie laboratory study. The effective
date of the current contract period was September 10, 1975, and the contract expiration date
November 15, 1976.
DISCLAIMER

The views and conclusions contained in this document are those of the authors and

should not be interpreted as necessarily representing the official policies, eitiler expressed or

implied. of the Advanced Research Projects Agency or the U. S. Government.
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PREPARATION OF A HANDBOOK ON MECHANICAL, THERMAL, ELECTRICAL, AND
MAGNETIC PROPERTIES OF MATERIALS FOR SUPERCONDUCTING MACHINERY

INTRODUCTION

This report describes the task of preparing the second revision (for producing the
third edition) of the handbook und the progress made to date on that task. The end product
of this task is a series of new or modified pages which, added to or replacing existing
pages in the second edition, will produce an up-to-date handbook covering the materials
scope shown in Table 1. Preparation of a first draft of those pages is scheduled tor
September 1976, and the published version, to be distributed by MCIC, is expected to be

available by November 15, 1976.

SUMMARY

The specific properties that are included in the handbook are listed in Table 2.

Data covering all of the properties in Table 2 are being sought for all of the materials
of Table 1. The search for data includes all forms of the materials, including sheet,
plate, forgings, extrusions, bar, rod, and weldments. All conditions of heat treatment

are included. The types of sources that are being exploited are listed in Table 3.

Table 4 indicates the information centers and indexing and abstracting services that are
being used in attempts to retrieve pertinent data. In addition, the reference lists in
all documents screened on this project, including those accessioned during previous

contract periods. are being exploited systematically to maximize the recovery of data.

QUALITY CONTROL

The all-source szarch is turning up data of varying reliability with respect to
precision, accuracy. pertinence, and validity. For convenience, cach document screened

on this project is evaluated and put into one of the three categories listed in Table 3.
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Quality is being maintained initially by using only data from Category 1 sources. After
Category I sources have all been exhausted, remaining information gaps will be filled
insofar as possible with data from Category Il sources (including handbooks). The
latter will identified explicitly in the handbook as lower quality data. Throughoty,
great pains are being taken to insure that primarily original data are used in the hand-
book. Average values are taken in lieu of original data only when there is reasonable
assurance that the values are not based on original data which are already incorporated.
When average values are used, they are weighted commensurate with the number of

specimens each represents.

NEW FORMATS

The second revision of the handboox contains data on two types of material or
component requiring small modifications of format — composite materials and weldments.
The format for presenting mechanical properties of composite materials was
devised by Dr. M. B. Kasen of NBS — Boulder, who is responsible for the data search
and presentation on composite materials for the current contract period. The heading

for the composites format includes:

Composite Class — fiber and matrix material classes, such as Glass-Epoxy, Boron-Aluminum,
etc.

Type — specific fiber and matrix materials

Layup

Fiber — particulars, including brand names

Matrix — ecssentially as given in type.

Nominal fiber volume fraction

Nominal ply thickness

Nominat density

Comments — includes condition for metal matrix composites.

O o
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The formate for presenting the properties of composites covered is similar to
that for the monolithic materials, with the following modifications:
e Tensile proportional limit replaces yield stress
e Two moduli are included for each fiber orientation (E| and E)
e Stress level at which modulus changes from Ej to Eg is given
e Compressive, impact, thermal, and electrical properties for sheet normal are

are included

Shear properties are given for both in-plane and interlaminar cases.

L]

Data for weldments can be accommodated by the eisting format; however, a few
additional parameters must be specified over those required for parent metal only. Type
of weld (TIG, MIG, electron beam) and filler material, if any, are specified on the line
for “Form”, in addition to the usual indication of sheet, plate, etc. “Thickness”,
specified on the next line, refers then to that of the plate, sheet, or bar from which the
weldment is made. On the line for “Condition”, the temper of the sheet, plate or bar
prior to \yelding is given. In oddition, the condition of the test specimen, ‘“‘as welded”, or
specifications of postweld heat treatment, are given. Finally, to the far right of the same

line, the orientation of the weld on the specimen is given:

weld

[ e T
; 'i/ ]
i @ ‘ e 1 Lo ]
i i i ! vl )
| s A A
| l ! i:-rt i T
! | bz L
'7/"'7"4. P B et
V/; - ,;fweld 3 f- Log I e
S H v & T e
| | =y fores
‘, . / ; :/,,v' gy
V ' ] i//’4' i e /':}
i { . ; ;" Qf. v",-”;;'
1 i e
e St

Transverse Longitudinal All weld metal
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For the transverse weld orientation only, the data in the table will be given for one or

more of the following grain orientations:

p TR I
e iy lo;!‘ !:idi,!
s I||i]! II'{I|’
= = IR l:;:(}ig
o ~weld weld "7
:_: i ’ 1t — ——
S g Iy == =
i ‘|]|’ } e
= — lltoli': S0
R T— | L Is, e

Transverse Longitudinal Longitudinal to
Transverse

For the other two weld orientations, the grain orientation is not of significance. and

the “longitudinal” section of the tensile data format will be used.

PROGRESS

All of the documents already accessioned for this program during previous contract
periods have been re-examined for data applicable to the present contract period. Reference
lists in them have exploited systematically, new sources identified, and documents ordered.
Many of the items cited previously in the bibliography have, on re-examination, been
rejected. Secondary data have been identified for possible later use in filling gaps.

Computer printouts from previous searches are being looked at again in light of
known information gaps, and some items previously rejected are being retrieved. A
computer run has been completed by NBS-Cryogenic Data Center covering update of

searches on materials previously in the scope and comprehensive searches for data on

the materials added this contract period.




)

The following handbooks, or data collections, have been examined, and secondary

data usetul for filling gaps identified:

Cryogenic Materials Handbook - Aug. 1968

Damage Tolerant Design Handbook (MCIC)

Alloy 718 Processes and Properties Handbook (DMIC)
DMIC Data Sheets

Structural Alloys Handbook (MPDC)

o ) Aerospace Structural Alloys Handbook (MPDC)
k NBS Monograph 13 (1960)
¥
| . The latest semiannual report for this program has been examined, and pertinent data
i f * extracted.
\ [
g Presently, the process of evaluating data tentatively selected for incorporation in
‘ the third edition by careful comparison with data already in the handbook is underway.
R A few data sheets for actual inclusion have been completed.
i ;}l Dr. Kasen lias already completed and forwarded to Battelle data sheets for incor-
" B poration in the handbook covering eight specific composite types, as follows:
o
-y
:
d ‘: Class Type
& Glass - Epoxy 181/Epon 828(CL)
» Glass - Epoxy 1581/E-787 (58-68R)
Glass - Epoxy S-901/NASA Resin 2
Boron - Epoxy 4.0 mil Boron/2387
Boron - Epoxy 5.6 mil Boron/2387
Graphite - Epoxy AS/NASA Resin 2
’ Graphite - Epoxy HT-S/X-904
Boron - Aluminum 5.6 mil Boron/6061
)
)
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k.| B HANDBOOK ON MATERIALS FOR SUPERCONDUCTING MACHINERY -~
. ¥ 3rd Edition (2nd Revision)
TABLE 1. MATERIALS SCOPE 4
f Aluminum and Magnesium Alloys Nickel and Cobalt and Their Alloys
{
99.9% aluminum High purity nickel
E C aluminum Nickel “A” |
1050 K Monel
1100 Inconel 600
2014 Inconel X-750
2024 Alloy 718
| 2219 Inconel 706 !
5083 Invar 36
3456 Ni-Span C
6061 unnamed Inco LEA alloy
\ 7005 [
/ 7006 Steels and Iron Alloys
E 7039
A 3Ni Steel
L AZ31B SNi Steel
: ONi Steel ¢
Copper and Copper Alloys 18Ni (200) Maraging Steel
) Transformer Steel
99.96% Cu 1010 Steel
| Electrolytic tough pitch Armco Im“.
; : ; OFHC Fe(47-50)-Ni {
=1 Phosphorized
L Stainless Steels
90Cu-10Zn
80Cu-20Zn AISI 301
70Cu-30Zn AISI 303 (
90Cu~10Ni AISI 304
80Cu-20Ni AISI 304L
70Cu-30Ni AISI 310
Cu-Be (1.6-1.8) AISI 3108
Cu-Be (1.8-2.0) AISL 316 ¢
95Cu-58n AISI 321
92Cu-8Sn AISI 347
90Cu-~108n AISI 410
Cu-0.2Zr (Amazirc) AISI 416
Cu-0.4Cr-0.4Cd (PD-135) =786 ¢
Cu + 0.2A1203 Kromarc-58
Cu + 0.7A1,03 Armco 21-69 |
Cu + L.1AL703 Armco 22-13-5 |

Aluminum Bronze ‘




. Titanium and Titanium Alloys
2
Ti-65A
Ti-75A

Ti-5A1-2.5Sn

Ti-5Al-2.5Sn (ELI)
s Ti-6Al-4V

Ti-6A1-4V (ELI)

Special Metals and Alloys

¢ Niobium
Nb3Sn
Nb-Zr alloys
Nb-Ti alloys
Nb-Ti+Cu composites

1 V3Ga
i
»
b
.’|
»
b
_ o
ZL}.,* M
o
4 ;:z‘-la' R
i w

Muterials Scope (cont.)

Composites

Glass/Epoxy
Boron/Epxoy
Graphite/Epoxy
Boron/Aluminum

Polymers

Polyethylene
Polychlorotrifluoroethylene
Polytetrafluoroethylene
Polymethyimethacrylate
Polystyrene
Polyvinylacetate




A

.

i‘ 8

. G
F‘r--* . TABLE 2. PROPERTY SCOPE

Mechanical Properties

Tensile
Ultimate, vield, elongation, reduction in area

Elastic modulus, Poisson’s ratio
Notch tensile strength

L il

Compressive
; Ultimate, yield
i Elastic modulus

. Shear
f Ultimate 1
Shear modulus

Impact
Charpy V-Notch

B J : Izod (polymers only) 4

! Fracture Toughness
Kie» KiEs JlIc

| i Fatigue (Axial and Flexure)
-4 | S-N Curves
: : da/dN Curves

Flexure
Ultimate, yield

Elastic moduli > polymers only 1

e

Thermal and Electrical Properties

-
T

o~

¥k

Thermal Conductivity

Magnetothermal Conductivity ¢
Thermal Expansion

Specific Heat

Electrical Resistivity

-

s

.
b Bie y w0 A et

Magnetic Properties

Susceptibility
Permeability

!
i
i
3
|
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TABLE 3. SOURCES OF DATA

Reports of Government-sponsored R&D
® (including semiannual reports of this ARPA contract)

Open published literature
(including handbouoks, state-of-the-art reports, and conference
proceedings)

Private communication

Ev{'

TABLE 4. ACCESS TO DATA

[nformation Centers :
NBS Cryogenic Information Center '
Metals and Ceramics Information Center (MCIC)

Defense Documentation Center (DDC) g

Thermoplysical and Electronic Properties Information
Analysis Center (TEPIAC)

Copper Data Center

I R ——

Iron [nformation Center
Plastics Technical Evaluation Center (Plastec) :
Mechanical Properties Data Center (MPDC) :
Indexing and Abstracting Services i
Chemical Abstracts {
Metallurgical Abstracts Michine searchable 1
Engineering Index through MCIC !
Nuclear Abstracts
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f1 [ TABLE 5. CATEGORIES OF SOQOURCE DOCUMENTS
3
Y i
I contains data that meet precision, accuracy, pertinence,
and validity criteria as specified below
[I a review (1IR); or contains data not meeting the
: criteria as specified for category I — (1ID)
[IT  contains no pertinent data — reject
| B Criterion Category I Category 1
7 _ Precision Tabular data on properties other than Graphical data (except fatigue
fatigue and graphical S/N or da/dN data)
data
} Accuracy Data for which form, condition, speci- Data for which any of the param-
3 men thickness and number of specimens eters required for Category I are
per value are given not specified*
4 Pertinence All tabular data for room temperature * %
and below, where lowest test tempera-
ture was 77 K or below. Data from
w references not older than 1950
_ i Validity Valid Ky data. Jj; data based on Invalid K. data. Jj data based
‘. 'E compact specimens on other than compact specimens
Bl |
11
fﬁi"‘{ ?I * _This criterion is not inviolate. It has been overlooxed occasionally tor mechanical
b i properties and regularly for thermal and magnetic properties data.
A% li #%_References containing no data for temperatures below 77 K and pre-1950 refer-
& - ences are put in Category ill — reject.
Wy
g
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3
:
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FOREWORD

This research was supported by the Advanced Research Projects
Agency of the Department of Defense and was monitored by the Cryogenics
Division, National Bureau of Standards under Contract No. CST-8303.
Dr. Richard P. Reed serves as Program Manager and Contract Monitor.

The research was carried out under ARPA Order No. 2569 and
Program Code 4D10 by the Materials Technology and Metal Science Sections
of Battelle-Columbus Laboratories with F. J. Jelinek (614-424-6424, Extension
1735) and E. W. Collings (614 -424-6424, Extension 1664) as Principal
Investigators. Contract CST-8303, under the overall coordination of K. R.
Hanby, covers both the handbook program and the property measurement program.
Only the property measurement program is presented here. Effective date of
the contract was September 10, 1975, and the contract expiration date is
September 10, 1976.
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DISCLAIMER

The views and conclusions contained in this document are those
of the authors and should not be interpreted as necessarily representing
the official policies, either expressed or implied, of the Advanced

Research Projects Agency or the U.S. Government.
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TECHNICAL REPORT SUMMARY

The development of superconducting electrical machinery requires
the suitable engineering property characterizatioﬁ of all candidate materials
at cryogenic temperatures. This program involves the determination of
thermal expansion and specific heat for several structural materials in the
cryogenic temperaturc region (4.2 to 300 K).

Materials selected for this study period were supplied through
the cooperation of Westinghouse R&D and the National Bureau of Scandards.
Additional materials were secured from within Battelle-Columbus Laboratories
or purchased from an appropriate vendor. All materials are appropriately
labeled in the text of the report.

Thermal expansion measurements were performed utilizing a fused
silica dilatometer with a linear differential transducer as the dilatometer
head. The accuracy of the measurement is 1 percent. Specifié heat at low
temperatures is measured to 1l percent by adiabatic calorimetry from a method
developed by Nernst. In this method, small increments of heat are supplied
to a thermally insulated sample, and the accompanying temperature increasa
is measured.

In this reportin, period, thermal expansion characteristics of eight
materials were determinad in the temperature range 77 to 300 X. The

specific heats of two new materials were also measured.

PROGRAM PROGRESS

TART I. THERMAL EXPANSION

Introduction

Low-temperature thermal expansion results are reported for
eight materials in the temperature range 77 to 300 K. The technique used
to perform the measurements was a fused silica dilatometer which has been
previously described.

In addition to the two materials furmished by Westinghouse for
this study, we have included four composite materials furnished by NBS and
two alloys supplied by Battelle-Columbus Laboratories. Table 1 lists these

materials with a brief description and/or heat treatment tsed.
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TABLE 1. LIST OF THERMAL EXPANSION SPECIMENS
{ INCLUDED IN THIS REPORT q
|
l
P COMPOSITES
y i ¢
5.6 MLl Boron/5505 Epoxy - Fiber Vol, Frac. 50 %
: Type "AS'" Graphite/NASA Resin 2 - Fiber Vol. Frac. 60 %
| 5.5 Mil Boron/6061 Aluminum - 6061-F Temper
5=901 Glass (20 End)/NASA Resin 2 - Fiber Vol. Frac. 60 % ¢
I\ ALLOYS
; NITKONIC 33 - ST/FC ﬁ
Nl NITRONLIC 33 = STQ
: i Ti-6A1-4V - ANNEALED
. A-286 - ST
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Data Presentation

The results reported in this work are shown as percent contraction
versus temperature (K) with all data normalized at the ice point (273 K).
Figures 1 through 8 illustrate the initial results in graphic
form. The results in the liquid helium range have been completed, but
were not available for inclusion in this report. The complete data in
tabular and graphic form will be presented in the final semiannual report

in October, 1976.
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PART II. LOW=TEMPERATURE SPECITIC HEAT

Least-Squares Titting of Low-Temperature
Specitic Heat Data

The lattice specific heat of solids at low temperature generally
goes as T3. With metals, an additional term, proportional to T, is important
at low temperatures. Thus, to a first approximation, the low-temperature

specific heat of metals is usually written

ClagiZs, Y& BT3 .

In fitting the experimental data, however, improvements of fit have been
obtained by extending the above equation as a Taylor expansion in odd powers
of T. Care must be used in carrying out such a procedure since, although
the fit may get better with the addition of more and more terms, their
physical significances tend to become obscured as the goodness of fit exceeds
the precision of the experimental data. For example, we have noted for
stainless steel data that fits out to T5 and T7 have resulted in negative
values of B and consequently, GD.

There seems no a priori reason why an odd-power expansion should
be selected over an expansion in both odd and even powers of T. Accordingly,
for a mecallic sample we experimented with both odd-power and odd-and-even
power fits to the specific heat data. The results of this procedure are
summarized in Table 2. Inspection of Table 2 reveals the competition
between terms that occur as the expansion is carried out to higher and higher

powers of T. When both odd and even powers of T are used, large positive and

negative coefficieuts are generated. Using the terms in T and T3 as references,

we notice large variations in the coefficients occurring until the odd-power

expansion to T7 is reached. At this point it seems that the odd-power, four-

term expansion merely serves as a correction to the simple two-term expressiom.

As sources of vy and GD either the two-term or the four-term odd-power expansion

could be used in this particular case.

In analyzing the data each alloy class is treated individually and the

decision on the number of terms to be used is made on the basis of goodness of

fit and physical reality.

&
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TABLE 2. EXAMPLE OF MULTI-TERM LEAST SQUARES FITTING OF SPECIFIZ HEAT DATA
FOR A METALLIC SAMPLE (IN THIS CASE A BORON-ALMMINUM COMPOSITE)

C=aiT + agT? + ayT* + asT° + agTé + a,T7

(J/kg-deg™)

» 102 10%a; 108ay 108qg 108qg 1010,

i
1 .
T T W T T S DT -'-"'umm
-

2.65 4.98
o J ’ 2.83 4. 40 2.99
i § 2.58 6.01 -15.49 54.47
FE 2.80 4.64 9.35
j ¢ &I
' » 2.73 4.37 14.15 -131.45 3.90
. g 2.61 6.39 -36.44 369.14 -18.28 36.53 |

5.06 - 19.28 4.90
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l Low Temperature Specific Heat of
Metallic Alloys
Ir. October, 1975, we reported on the low temperature specific
| heats of the following alloys, fitting the results to a three-term
' expression of the form C = A + yT + BAT3.
Inconel X750 HIP
Inconel X750 HIP STDA
‘ Inconel X706 VIM-VAR ST
Inconel X706 VIM-VAR STDA
- Inconel X760 VIM-EFR ST
During the current reporting period we added on2 more alloy to this list
(Inconel X706 VIM-EFR STDA) and with the aid of the published chemical
. compositions shown in Table 3 (Westinghouse contribution to NBS~ARPA
/i reports, I and IV), have calculated average molar weights and hence Debye
= temperatures (from the measured lattice specific heats) fcr all the above
\ alloys.
: The complete set of low temperature specific heat coefficient
data are listed in Table 4, while specific heat values fitted to a set of
4 < selected temperatures are listed in Table 5 (in the 4-20 K range).
1A | Low-Temperature Specific Heat of
T A Glass=Epoxy Composite
X
1{3‘ The specimen studied here was a sample of a glass-epoxy potting

material used in the fabrication of an assembly of multifilamentary Nb-Ti-Cu

wires. The assembled superconductive bus is used in the Navy superconducting

motor.
The experimental data were fitted to numerous polynominal expansions,

after which it was decided that the four-term expression

\ 2 3 4
T T e (T)
C‘%('m)*mz(m) v () e (m

gave the best description. The values of the polynominal coefficients are
listed in Table 6. It is necessary to use the two columns presented because

of the higher precision of the data above 10 K in this case.
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| TABLE 6. LOW-TEMPERATURE SPECIFIC HEAT COEFFICIENTS FOR
| | A GLASS-EPOXY COMPOSITE
- \ ,
| - i(F) +aalE) + aaF) + o) '
| & O‘1<1o +oa\Tg/ t ea\g) Tt oo 10)
“ Value (J/kg-deg") :
| Coefficient below 10K above 10K ¥
B
' oy -1.81 * 0.14 -1.81 £ 0.05
PR
| oy 9.48 * 0.46 9.48 £ 0.15
)
i a3 1.99 + 0.45 1.99 + 0.15
{1y ay -1.05 + 0.13 -1.05 + 0.04
_';.
3 Q
IK¥
il
O
Q
@




‘f‘ l E.) 19

E,,_..-{
2B
.
: As indicated in Table 6 the quadratic term is dominant., Usually
this term is absent in the expression for specific heat of a solid, as
] dictated by the physics of the three-dimensional model. The presence of
’ a dominant quadratic term indicates the presence of two-dimensional, rather
than three-dimensional, arrays of atomic oscillators. It would be
interesting to correlate this observation with further research into the
! chemical physics of polymers such as epoxy resins.
& Table 7 is a list of fitted specific heat values for a
’ sample of fiberglass reinforced resin at a set of selected temperatures.
k. [ 4
E i
. TABLE 7. LOW-TEMPERATURE SPECIFIC HEAT OF A GLASS-EPOXY
- L 3 COMPOSITE AT SPECIFIED TEMPERATURES
A
g - Temperature (K) Specific Heat, C (J/kg-deg)
B A 4.0 0.89 £ 0.15
S
B, L 1
™ [ 5:0 1.65 € 0.25
5*"} '
Sl | 10.0 8.6 # 1.2
*“.§ i* 15.0 20.0 * 2.2
= 20.0 33.4 £5.1
{:'n ;g [
': . | .
« :
oS
b |
%D
}!?3, p




o e

o

)
i =

&

ST -
b‘. A
o A -

" I.." i

: “‘d
HEF, - ]
;

20

Specific Heat of A Bornn Reinforced
Aluminum Composite

Low-Temperature Specific Heat

Low~-temperature specific heat data for a boron-reinforced aluminum

composite were fitted to the following expressions

= 3
c alT + a3T

and Cc = aIT + a3T3 + aSTS + a7T7

The results of so doing, expressed in terms of the regressioun coefficients,
oy, are summarized in Table 8. Finally, in Table 9, are presentad lists

of actual specific heat values fitted at selected temperatures in the range
4.0 to 20.0 K. The four-term expression gives a better fit to the data (as
indicated by the standard deviations listed) but no appreciable change

(about 1-2%) in the fitted specific hezt values.

Intermediate~-Temperaturea Specific Heat

Specific heat data for temperatures near 80 K and 300 X, respectively,
are presented in Table 10. Straight lines fitted to each cluster of three (C,T)
datum points were estrapolated to 80.0 K and 300.0 K, respectively. The
scatters of the specific heat values about the fitted line (temperatures

being assumed free from error) were used to determine the standard error.

The results of carrying out this procedure are presented in Table 1l.
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) TABLE 8. LOW-TEMPERATURE SPECIFIC HEAT COEFFICIENTS
FOR BORON-ALUMINUM
15 C = ayT + a3T? + agT5 + ayT7
Value (J/kg-degn)
- Coefficient 2-term fit 4-term fit
L -2
ay (2.65£0.02) X 1072 ( 2.67£0.03) X 10
= Ko a3 (4.98:0.02) X 107 ( 5.06+0.07) X 107%
7 . "
. as (-1.93:0.45) X 107/
e o7 ( 4.90%0.75) X 10710
v 5 ﬁ
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TABLE 9. FITTED LOW-TEMPERATURE SPECIFIC HEAT OF BORON-ALUMTINUM O
AT SPECIFIED TEMPERATURES
Specific Heat, C (J/kg-deg)
Temperature (K) 2-term fit 4-term fit a
4.0 0.138 + 0.002 0.139 * 0.002
5.0 0.195 £ 0.005 0.196 + 0.003
10.0 0.763 £ 0.046 0.759 % 0.015 G
15.0 2.08 + 0.16 2.05 + 0.08
20.0 4,51 + 0.38 4.59 £ 0.30
G
O
a
¢
G
B
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TABLE 10. MEASURED SPECIFIC HEATS OF A BORON-ALUMINUM COMPOSITE
AT TEMPERATURES NEAR 80K AND 300 K RESPECTIVELY

Temperature Specific Heat
(X) (J/Kg-deg.)
78.71 200
79.26 200
79.81 206
296.61 944
297.01 962
297.46 977

TABLE 11. SPECIFIC HEAT OF BORON-ALUMINUM COMPOSITE ADJUSTED BY
LINEAR FITTING TO TEMPERATURES OF 80.0 K AND 300.0 K*

Temperature Specific Heat
(K) (J/kg-deg.)
80.0 206 =

300.0 1076 = 1

* Standard errors are indicated.
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Discussion of the Boron-Aluminum Data
{

In order to determine the applicability of the law of mixtures
to the specific heat of a fiber-reinforced composite, the sample was
chemically analyzed for aluminum content and the assumption was made that
the remainder of the specimen could be regarded as boron (the presence
of the tungsten core, or its reaction product with the surrounding boron

was neglected).

Low-Temperature Specific Heat. No low-temperature specific

heat data exist for boron; however, measurements in the temperature range

60 to 150 K have yielded a Debye temperature, Op, of 1219 kK(1). Another

reported value is 1220 K(Z), and this we will use in the following analysis.
The input data to be used in the synthesis (law of mixtures)

of a lattice specific heat coefficient for boron-aluminum are listed in

Table 12.

TABLE 12. INPUT DATA - B AND Al VALUES

Y Op wgt 7
J/Kg-dg? K M 1048 Present (100 f)

Al 0.0504 426 26.9815 9.320 49.1
B Unknown 1220 10.811 0.990 Assume balance

The average specific heat coefficient (<B>) is expected to be

<B>

il

£8,; (1-£) Ba

5.08 z 104 J/kg-deg?

in excellent agreement with the measured value (4-term fit, Table 8) of
5.06 x 1074 J/kg-dega. In addition, a vy for boron may be derived from

Yap and <y> (measured) using the expression:

(1) H. L. Johmston, et al., J. Amer. Chem. Soc., 73, 1112 (:251)

(2) E.S.R. Gopal, "Specific Heat at Low Temperatures', Plenun N.Y., p 33, (1966)
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<y> - fYAl
B T (1-f)

- 0.38 x 1072 J/kg-deg2

This value of Yp less than one-tenth that of aluminum, is not inappropriate

to a heavily doped semiconductor.

Room Temperature Specific Heat. At room temperature (RT) and 300 K,

we have the following data.

C
Metal Temperature J/kg-deg

Al RT 904.1
B 300 K 1032.2

from which an average specific heat of 969.3 may be calculated. This is
in reasonable agreement with th~ directly measured value of 1076 J/kg-deg.
We couclude thatr the laws of mixtures are valid for computing

the specific heats of composite materials from the values appropriate to

the individual constituents.
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Abstract

Results are reported of a six-month study, ending March 1376, on candidate materials
for superconducting machinery. The results cover five areas--advanced composites, elastic
properties, fatigue resistance and fracture toughness, magnetothermal conductivity, and
thermal conductivity, Material properties were studied over the temperature range 4 to
300 K. Materials studied include: aluminum alloys 1100, 2014, 2219; a nickel-chromium-iron
alloy; 1iron-47.5 nickel; and the composite materials boron/aluminum, boron/epoxy, S-glass/
epoxy; graphite/epoxy. Some notable results of cne study are: first reports of comprussive
m2chanical testing on composite materials at &4 K; regular temperature behavior of the elas-~
tic constants of aluminum 2014 and 2219 and of iron-47.5 nickel, which 1s magnetic; none of
the mechanical properties of the nickel-cnromium-iron alloy tested were affected deleteri-
ously by cryogenic temperatures; in aluminum alloy 2215, J1. and Kj, are not equiva.ent
because of sub-critical crack extension; both electrical and thermal conductivities of
aluminum alloy 1100 are reduced by magnetic fields.

This work was supported by the Advanced Research Projects Agency of the U.S. Department
of Defense.

Keywords: Aluminum alloys; composites; elastic properties; engineering materials; fatigue;

fracture; 1iron alloys; cryogenic temperatures; mechanical properties; nickel alloys;
superconducting machinery; thermal conductivity.
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Disclaimer

Tradenames of equipment and materials are used in this report for clarity and to
conform with standard usage in the scientific and engineering literature. Selection of
materials for discussion and examination witl regard to application in superconducting

machinery is based on properties reported in the ' erature, and must be regarded as
preliminary and tentative. In no case does suct ction imply recommendation or
endorsement by the National Bureau of Standards. ioes it imply that the material

or equipment is necessarily the best available i.: . .e purpose.
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j Summary: Advanced Composites
Phase II of the experimental program has been completed. This report
1 contains 295 K, 76 K and 4 K uniaxial compressive laminate mechanical pro-
! perty data on the following commercial composites: 5.6 mil boron/6061 alu-
] minum, 5.6 mil boron/5505 epoxy*, S-901 glass/NASA Resin 2 epoxy, and type
AS graphite/NASA Resin 2 epoxy. A reprint of a review of the literature on
| the mechanical and thermal properties of advanced composites at cryogenic
temperatures is also included.
Contents: Advanced Composites
L.
Page
1.0 REVIEW &« + o o o o o o o o o o o o o o o o s o o o 3
2.0 pPhase II (Continued): Static Mechanical Properties
. of Uniaxial Composites at Cryogenic Temperatures . 3
] 2.1 Introduction . .« . + « ¢ 4 4 e . s e 4 e e 3
y 2.2 Experimental Procedures . . . . . . . 3 4
§
2.3 ResultsandDiscussion . . . . . . . . s 5
: 2.3.1 Compressive Modulus . . . . . . . « . 5
R A 2.3.2 Compressive Strength . . . . . . . . 5
l‘
2.4 ConcluSiOnsS . . « « « o o & & 4 e s e e e 6
h 3.0 Future Work . . « « « « o o o « o o« o = . . 7
4,0 References 0 7
5.0 List of Figures . .« « « « o o« « o o« o o = o o 7
6.0 List of Tables . « + « « ¢« ¢« ¢« o« + o o« o« & o o 8
Appendix I: Calculation of Compressive Moduli . . . 18
Appendix II: M. B. Kasen, *Mechanical and thermal
properties of filamentary-reinforced
structural composites at cryogenic
temperatures. II: Advanced
composites," Cryogenics 15 (12),
19

pp. 701=722 (1975) . . ¢ ¢ o & o o .

approval, endorsement, Or recommendation by NBS.

2

— ] J
e 2 Ll By e LT T N LR T CT R v T R g L g i -
sty o o

* The use of trade names or designations in this paper is essential to
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) 1.0 Review

e el e el . e

Work on this project was iusitiated by preparing state-of-the-art reviews
on the mechanical and thermal properties of structural composites at cryodgenic
temperatures. A general review has been published(l). More comprehensive
i reviews of glass-reinforced composites and of advanced-fiber (high-modulus)

l » composites have been published(2,3). A reprint of Ref. 3 is included in
1 the present report. Reprints of Refs. 1 and 2 have appeared in a previous
Semi-Annual Report(4).

{ The reviews suggested that boron-aluminum, boron-epoxy, graphite-epoxy,
glass-epoxy and Kevlar 49-epoxy composites warranted further study to char-
acterize key static mechanical properties at cryogenic temperatures. Key
# properties are those required for a prediction of strength or stiffness

; limits in complex crossply layups using macromechanical composite theory.
The properties are obtained from uniaxial composite laminates,and consist of
strengths and elastic moduli in tension and compression in the longitudinal
and transverse directions plus in-plane elastic shear moduli.

Phase I of the experimental work was the development of apparatus and
’ procedures for obtaining these data at cryogenic temperatures. Results have
4 been reported previously(5,6). Phase II encompassed the static characteri-
/ zation work. The tensile and in-plane shear portion of this Phase was reported
! previously(4). The static compressive mechanical properties of these compo-
' sites are presented and discussed in the present report.

e In Phase III of this work,the performance of boron-epoxy and boron-
aluminum composites in tensile-tensile fatigue will be examined at cryogenic
v ¢ temperatures. This work is presently under way and will be reported subse-

quently.

f ] 2.0 Phase II (Continued): Static Mechanical Properties
' of Uniaxial Composites at Cryogenic Temperatures

L 2.1 Introduction

g This report presentscompressive static mechanical property data for the
composites listed in Table 1, all of which had previously been characterized
in tension and in-plane shear. The boron-reinforced composites were fabri-
cated from state-of-the-art commercial preimpregnated tape materials, not
optimized for cryogenic use. The cryogenic properties reported for these

| ] materials in the present work are believed representative of the properties
of boron-reinforced aluminum or epoxy composites as a class, independent of

the specific manufacturer.

NASA Resin 2 is a non-proprietary formulation, developed for cryogenic
filament-wound pressure vessles(7). It consists of Epon 828,DSA/Empol 1040/
BDMA in proportions of 100/115.9/20/1 by weight.

The Kevlar 49/NASA Resin 2 composite, previously included in the ten-
sile evaluation, was not included in the compressive test program. The very
low transverse strength of the material obtained for this program suggested
that the composite was not representative of good production quality.

Key compressive static mechanical properties include uniaxial longitu-
dinal and transverse ultimate strengths, elastic moduli, and ultimate failure
strains. Where possible, the stresses at the proportional limit and the
0.2% offset yield strengths were also determined.

: The present data have been obtained frnm rod or bar type specimens

3
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a
3 designgd to fail in approximately 45° ghear. This is believed to best ¢
approximate compressive failure in bulk composite structures in the absence .

of significant column bending or end brooming. The reader should be aware

that compressive properties obtained by the sandwich beam method may differ

somewhat from those reported in the present work.
! 2.2 Experimental Procedures

@

{ The compression fixture shown in Figure 1 converts pull rod separation
| into compression by means of interlocking yokes. Specimen (A) with its end
caps is inserted into compression blocks (B). Alignment is maintained by
sleeve (C), which slips around the blocks. The compression blocks are
anodized to minimize friction. Additionally, MoS,; lubricant sprayed on the
! : fixture during assembly serves as both a release agent for the end caps and
b : as a lubricant between the compression blocks and alignment tube. Extraneous ¢
frictional forces are typically 5-10 N (1-2 1b).

The split compression blocks are joined by stainless steel bolts,
facilitating removal of the end caps after testing. Fixture dimensions and
construction materials are detailed in Figure 2.

The compression fixture was designed to interchange with the tensile q
fixture in the cryostat previously described(5). Helium consumption was €
o typically 5-6 liters per specimen test.

The desired 45° shear failure mode was reliably obtained after several
" n iterations of specimen design. The two final configurations are shown in
(e Figure 3. Specimens of square cross section, embedded in 6061-T6 aluminum
' end caps, proved satisfactory for most materials and orientations (Figure 3(a)).
; | However, the very high compressive strengths developed by the boron-reinforced ¢
r materials when tested along the fiber direction required round specimens and
stainless steel end caps (Figure 3 (b)). Both specimen types were diamond
ground to finished dimensions of Figure 3.

i i : A longitudinally-slit tube, having an i.d. matching the o.d. of the end

3 caps, was used to align and support the specimens during room temperature

curing of the epoxy used to bond the specimens into the end caps. Several (
conventional types of epoxy proved satisfactory for this application.

¥ ! : All polymer-matrix composites were environmentally conditioned for a
minimum of 40 hours at 23 + 1° ¢ in 50 + 10% relative humidity prior to
testing. The boron/6061 aluminum was tested in the as-fabricated condition
(T temper) without additional conditioning.

A universal testing machine was used_for all tests. The crosshead speed
was 0.10-0.13 cm min~! (0.04-0.05 in min-1l), providing a strain rate of 0.06-

0.08 min-1l.

Specimens of square cross-section were instrumented with a single long-
itudinal strain gage. On transverse specimens, the gage was always on the
side parallel to the fiber reinforcement. The initial tangent modulus was {
obtained from load-displacement traces recorded at high sensitivity on an
x-y plotter; maximum stress was limited to less than 25% of the ultimate
strength. Specimens were subsequently compressed to failure while recording
load and strain at lower sensitivity. The strain gage typically failed
prior to specimen fracture. However, simultaneous load-time traces on a
strip-chart recorder permitted calculation of overall failure strain.

Strain gages were not used with specimens of round cross section. ‘
However, the compressive moduli of these specimens were calculated from the ]
load-time trace of the strip chart recorder using the procedure described in :

Appendix I. ;
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2.3 Results and Discussion

Individual specimen data appear in Tables 2-5. Table 6 presents average
values, omitting data from invalid fractures when calcuiating ultimate strain
and strength. The inaccurezcy of the data is estimated at + 3% for ultimate
strength, + 10% for modulus and ultimate strain, and + 20% for proportional
limits and yield strengths. [

The maxima of the compressive ultimate strengths and elongations are
presented in Table 7. It is probable that the values in this Table are a
better reflection of the true ultimate properties of the bulk composites than
are the average values of Table 6. Particularly when testing in the uniaxial
longitudinal direction, values obtained from relatively small cross section
rod specimens are probably lower due to premature failure in other than pure
compression.

The desired shear mode of compressive failure is evident in the frac-
tures of the various materials illustrated in Figure 4.

2.3.1 Compressive Modulus

The compressive moduli of the boron-epoxy, glass-epoxy and graphite-
epoxy materials are very close to their tensile moduli in both the longitu-
dinal and transverse directions. In contrast, the longitudinal compressive
moduli of the boron-aluminum composite was computed to be 30-80% higher than
the tensile value, while the transverse compressive moduli was computed to
be 10-30% less than the corresponding tensile value.

The authors do not believe that the compressive moduli calculated for
the boron-aluminum composite represent valid material properties. An average
longitudinal compressive modulus of 359 GN/m2 (52.1 X 106 p3i) is
hardly realistic for a composite reinforcgd with 50 v/o of boron
which itself has a mcdulus of about 379 GN/m4 (55 X 100 psi). Furthermore, .
preliminary studies of the zlastic constants of the same boron-aluminum
composite using dynamic resonance techniques indicate that the average of
the tensile and compressive moduli is about 234 GN/m” (34 X 106 psi), with
a small temperature sensitivity on cooling to cryogenic temperatures(8). It
therefore appears that the method used to obtain compressive moduli in the
present work is invalid for boron-aluminum composites. We do not know the
reason for this discrepancy. However, until the problem is resolved, the
authors suggest that tensile moduli values be used to approximate compres-
sive moduli when working with boron-aluminum composites.

The longitudinal compressive moduli of the boron-epoxy and glass-epoxy
composites increased about 20% on cooling to 4 K, while that of the graphite-
epoxy composite remained relatively unchanged. A much larger temperature
dependence of modulus was observed in the transverse direction, with increases
of 67%, 108% and 178% being observed for the graphite-epoxy, boron-epoxy,
and glass-epoxy, respectively. Similar temperature dependences had been
previously observed for the tensile moduli of these materials.

2.3.2 Compressive Strength

Present data suggest that boron-reinforced composites are capable of
providing longitudinal compressive strengths approaching 3.4 GN/m¢ (50 X
104 psi) at 4 K in the absence of column bending. This is twice the tensile
strength at that temperature. Conversely, the 4 K longitudinal compressive
strengths of the glass and graphite-epoxy composites were 30-50% lower than
theirr 4 K longitudinal tensile strengths. The superior ability of the boron
fibers to sustain compressive loads is clear.

The transverse compressive strength of all four composite types are
substantially higher than their transverse tensile strengths. This is

5
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particularly noticeable in the graphite-epoxy composite.

The compressive strength of the boron-reinforced composites in the long-
itudinal direction appears to be relatively independent of temperature,
although present data are incomplete. However, the longitudinal compressiv:
strengths of the glass-epoxy material is very temperature dependent, increas-
ing by 180% on cooling. A 25% increase in strength was observed for the
graphite-epoxy on cooling. In the transverse direction, the compressive
ultimate strength of the boron-aluminum, boron-epoxy, and glass-epoxy increased
by 100-170% on cooling. However, cooling to cryogenic temperatures decreased
the transverse compressive strength of the graphite-epoxy compcsite by about
30%.

2.4 Conclusions

Commercial, state-of-the-art boron-6061 aluminum and boron-epoxy compo-
sites have excellent static compressive properties at cryogenic temperatures.
The compressive strength is particularly butstanding, approaching 3.4 GN/m?
(50 x 104 psi) in the uniaxial longitudinal direction at 4 K. Transverse
compressive stgengths of 620 MN/m2 (90 X 103 psi) for boron-aluminum and 427
MN/m2 (62 X 10° psi) for boron-epoxy at 4 K are substantially higher than in
other composite systems. The compressive strength properties of the boron-
reinforced materials are superior to the already high tensile strength Bro-
perties at all cryogenic temperatures. With a modulus of 206-240 GN/m
(30-35 X 10°® psi), the boron-reinforced composites appear to be excellent
cryogenic structural materials.

At 4 K, NASA Resin 2 epoxy reinforced with S-901 glass fibers has about
nalf the compression strength of the boron materials in both the longitudinal
and transverse directions. The longitudinal compressive strength of this
composite is 30-60% lower than the corresponding tensile strength, while the
transverse compression strength is 100-200% greater thin in tension. Com-
pressive moduli increase with cogling, attaining about 62 GN/m2 (9 X 106 psi)
longitudinally and about 31 GN/m“ (4.5 X 10° psi) in the transverse direction
at 4 K.

NASA Resin 2 reinforced with Type AS graphite fiber had the lowest com-
pressive strength of the composites tested. Uniaxial longitudinal strengths
at 4 K were about 25% of that of the boron materials, while transverse
strengths averaged about 130 MN/m2 (19 x 103 psi). The longitudinal compres-
sion modulus of about 117 GN/m2 (17 X 106 psi) was about the same as the
tensile modulus.

The comparatively poor performance of the graphite-epoxy composite in
the present work should not be construed as indicating a general inferiority
of this type of composite for cryogenic applications. The data suggest that
an incompatibility may exist between the fiber and matrix in the AS/NASA
Resin 2 composite selected for this study.

Present data indicate that the compressive and tensile moduli of the
boron-epoxy, graphite-epoxy and glass-epoxy composites are substantially the
same from 295 K to 4 K. 1In view of the experimental difficulty, there
appears to be little justification for a separate determination of compres-
sive moduli if tensile moduli are available.

We conclude from this study that the compressive rmoduli of uniaxial
boron-6061 aluminum composites cannot be reliably measured by the procedures
used in this study, even though such procedures were satisfactory for the
epoxy-matrix composites.
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) 3.0 Future Work

Phase III of this program will examine the extent to which cryogenic
temperatures affect the wear-out rate of boron-aluminum and boron-epoxy com-
! . posites under tension-tension fatigue. Criteria will be changes in specimen

modulus and damping. This study is presently under way using composites of
) [0/+ 45/0]s orientation 2nd stacking.
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Compression
(Individual

Compressive

Compressive

Properties
Specimens)

Properties
Specimens)

Properties
Specimens)

Properties
Specimens)

Properties

Properties

of

of

of

of

of

of

5.6-mil Boron-6061 Aluminum Composite
5.6-mil Boron-5505 Epoxy Composite

S Glass-NASA Resin 2 Composite

Type AS Graphite-NASA Resin 2 Composite

Composites (Averages of Specimens Tested)

Composites (Maxima of Ultimate Strength Values)

A




N . pEessMmen: T TSI T NERMEEY ¥ RN Y

B R A T ——

(a) Specimen with end caps
(b) Anodized aluminum compression blocks
(c) Aluminum alignment sleeve
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3.56x5.0x42mm aluminum _ | 12.7 |~

l[_ ; strip. Epoxy in place, both | .
| x sides of specimen. '
& Machine round. 11
|
- ; L~ Mill slot 3.57x42mm long = |

a 7
‘!‘I |
E. ] )
I‘J : L J
3 T L= ' 1 100
A ng | ¥ +}3.560 3.180+ |~ 16
¢ | { 50(T) I 18
U 1
| 100(L) il
18 #304 Stainless Stesl ~] | I[
= ) ie |
]
ol 3.19 mm drilled hole, It
4 !
=il 42 mm deep. Epoxy /AI |
E 18 . |
oyl L S— specimen as shown. 0| — 4
]
‘-w'}‘ i * b
i) - 6061-T6
"";,&% i ' AI H ‘
< ] | uminum
% i a b
R
: All dimensions shown in mm.
a0 Fig. 3. Specimen configurations used in determining static com-
R pressive properties of composites at cryogenic temperatures.
& (a) Square specimens for glass-epoxy, graphite-epoxy
% and transverse boron~aluminum and boron-epoxy.
s (b) Round specimen for longitudinal boron=-aluminum
| and boron-epoxy.
: § 11
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Table 1.

Composite Type

5.6 mil Boron-6061 Aluminum
(condition F)

5.6 mil Boron-5505 Epoxy

S-901 Glass-NASA Resin 2 Epoxy

Type AS Graphite-NAS/. Resin 2 Epoxy

Plate Thickness

(cm)

0.373

0.345
0.462

0.366

* Plate-to-plate variation was # 2%.

Table 2. Compresaive Properties of 5.6 mil Boron-6061 Aluminum Comoosite® (Individusl Specimens)

(in)

0.147

0.137
0.182
0.144

Composites Tested in Comoression

Average
Nominal Fiber
Ply Thickness Volume
(cm) (in) Percent*
0.0175 0.0069 47
0.0170 0.0067 52
0.0206 0.0081 66
0.v193 0.0076 64

T
Tempersture Y°u1§'s Modulus © ' { Progorcignal Limis, oPl 0.2% Yield Strength, oY Ult&mlte Strength, oY Ultimste
(®) (109 Nim2) | (1 puiy 108 ¥/n?) | (107 paty (108 N/n2y | (103 pet) (10% N/m2) | (103 pet) Strsin, £cu
(x)
|
Longitudinal (0°)

295 221 32.0° | 19.2 ) 1.8

295 293 42.5 15.2 224 0
76 a1 45.1 20,7 114 L0,

76b 407w 59.0 28,7 416 0.5
b 335°¢ A8.6: 28.5 413 0.6°¢
4b 337°¢ 48.8 26.0 I 0.5°¢
4b 302 € 43.8%) 32.6 473 0.7¢

Traneverse (90°)

2959 150 | 21.2 0.588 8.53 1.43 20.8 2.60 3.7 0.4¢
295 186 27.0 0.545 7.07 1.43 20.7 2.564 3. 0.4¢

295 107 15.5 0.59 8.61 1.03 15.0 2.59 37.5 0.5
76 101 14.7 0.833 12.1 1.95 28.4 4.56 66.2 0.6
76 89 |[* 12.9 0.818 11.9 2.06 30.0 4,45 64.6 0.8°

7% 101 14.6 0.967 14.0 1.99 28.9 4,50 65.3 0.9
4 123 17.8 1.13 16.4 2.82 40.9 6.56 95.1 0.7¢
4 90 13.0 1.11 16.0 2.44 35,3 6.29 91.2 1.2¢

4 90 131 _| 1.01 14.6 2,39 34,7 5.83 84.5 1.0

83quare specimene except se marked.
spaciman.
C fatimeted from etrip-chert recording.

Round

This is the only boron-eluminum epscimen that vee load cycled.

Underlined values repreasent invalid frscturaes.

* Sgs text diecueeion on validity of thses velues.
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r..]_....l W R gpe— wqrmxm'!frﬂ"ﬂ'mmm“
. {
E Temperature Elaatic Modulus, ES Progortlonal Limtg, oP! 0.2% Yield Strength, oY Ultsmte Strength, 0% Ultimste
3 () (109 ¥/m2) | (106 pat) (208 My | (109 ps1) (108 N/m2) | (103 psi) (108 N2y | (103 pei) Strain, €Y
f | (2)
E 1
4 | Longitudinsl (0°)
"4
2959 186 27.0 11.8 m 0.7
| 2958 190 27.6 12,9 186 0.8
: 295b 260 7.7 o1 204 0.6 {
768 225 32,6 22.8 33 151
768 234 33.9 LIV bIxN 0.8
48 239 3.7 13.0 188 0.6
' 4 257 § 57,3 75.9 375 0.4
4¢ 233 § 83.7 9 19.2 278 0.3
{ 4 291 42,2 36.6 531 0.6d
Transverse (0°) c
2958 20.9 3.03 0.395 5.7 1.78 25.8 2,27 32.3 1.6
2958 13.3 2.02 0.975 16.1 - = 1.61 20.5 1.6
295b 20,0 2,90 0.715 10.4 1.79 25.9 2.10 30.5 1.2
295b 22,4 3.24 0.790 11.4 1.80 26,1 1.96 28.4 1.4
|
768 38.7 5.62 2,31 33.6 .23 61.4 1.2
i 763 39.0 5.64 1.98 28.6 3.84 55.6 0.5
! 768 37.7 5.46 1.66 26,1 1.80 26.1 0.5
L. 760 39.5 5.74 2.72 39.5 .56 66.2 1.5 ¢
‘ { 76 41,4 5.99 3,38 49.0 4.3 63.1 1.1
’ 4b 2.8 6.20 626 61.4 1.1
b b 37.8 5.49 1.67 2.2 0.4
4b 41.3 5.98 357 65.5 11
4b 39,4 5.71 4,08 59.2 0.9

a Rectangular specimen.

Squsre apecimen.

Round specimen. €
d Eetimated from strip-chart recording,

- Underlined valuea repreaent invalid fresctures.
1 3
2
3
L\
; €
o Table 4. Compressive Propertiea of S Glaaa~NASA Resin 2 Composite (Individusl Soecimens)
" A
P
. Temperature Elastic Modulus, E° Progortlonu Limig, oPl 0.2% Yield Stnnggh. oy Ultsmﬁte Strength, oY Ultimste
P (107 N/a2) | (106 psi) (10° M2y ¢ (103 pet) (108 N/n2y | (109 pai) (10° ¥/m2) | (103 pay) smmi gcu C
= (2
Longitudinsl (0°)
295 40,4 5.87 1.36 19.8 4.72 68.5 1.2
295 59.2 . 8.44 0.93 13.9 5.62 8l.6 1.3
295 53.2 7.1 3.14 45.6 4.75 68.8 0.9
76 69.7 10.1 1.78 25.8 7.32 106 16.5 239 3.0
76 664.2 9.3 3.2% 47.0 9.87 143 13.4 195 2.5
76 72.5 10.5 3.07 4.4 == o 10.3 150 1.5 €
76 48.6 7.0 4,47 64.8 7.03 102 14,0 203 2.:58
4 53.8 7.81 2,44 35.3 9.08 132 14.1 204 1.5
4 63.0 9.13 3.81 55.2 7.56 110 15.4 224 2,68
4 64.7 9.38 . 45.1 - - 13.1 190 1.88
Transverse (90°)
295 11,7 1.70 0.550 7.97 0.733 10.6 0.962 13.9 3.4
295 12.3 1,78 0,380 5.51 0.753 10.9 0.935 13.6 2.6 0
295 9.8 1.642 0.422 6.12 0.703 10.2 1,052 15.3 3.4
76 19.8 2.87 0.92 13.4 2.35 3.0 0.7
76 26.0 .n 1.31 19.0 2.84 41.2 1.1
76 22,7 3.29 1.19 17.2 31 45.1 0.9
4 27.2 3.95 2.76 40.0 1.1
4 39.4 5.7 2.99 43.4 0.8
4 27.3 3.96 2,13 30.9 0.7
® Eetimated rom atrip chert recordine,
All aqusre spscimens
1 O




Pl p—

Table 5. Compreasive Propertiaa of Type AS Graphite~NASA Resin 2 Comooaite (Individuel Specimena)
1:
|
|
Temperature Elaatic Modulug, ond Progoﬁt: onal Limit, upl 0.2% Yield Strength, L Ultimate Strength, o Ultimate J
(K) (107 N/m2 | (10° pat) (0”2 (103 pai) (108 ¥/m2) | (109 pat) (108 ¥/m2) | (103 pat) Strain, €°Y ]
(%) !
Longitudinal (0°) -
5
295 137 19.9 2.25 32.6 5.61 8l.2 0.5 |
295 125 18.1 2.66 38.6 4.96 71.9 0.4 :
295 125 18.2 3.55 51.5 5.38 78.0 0.4 !
1
76 115 16.7 4.54 65.9 7.95 115 0.8 ;
6 97 14.1 - - 4.75 69 0.5
76 110 16.0 3.95 57.3 6.72 97 0.7
76 141 20.4 5.04 73.1 12.29 178 1.0
4 1098 15.88 = e 8.83 128 0.78
4 124 18.0 3.70 53.7 5.87 85 0.6
4 125 18.2 3.77 54.7 5.99 87 0.8
' Tranaverae (90°)
295 9.098 1,328 0.908 13.02 1.04 15.1 0.88
295 9.998 1.458 0,588 8.48 0.91 13.2 0.88
295 9.918 1.448 - - 0.71 10.3 0.68
76 16.6 2.41 1.16 16.8 1.51 21.9 1.1
76 13.1 1.89 0.80 11.5 1.25 18.1 1.0
76 16.1 2.34 0.90 13.1 1.33 19.3 0.9
4 18.8 2.72 0.660 9.58 1.00 l4.4 0.5
4 14.4 2.09 0.723 10.48 1.50 21.8 1.0
4 15.3 2,22 0.647 9.39 1,43 20.7 0.9
8 Egrimated from atrip-chart recording.
All aquare apacimena
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Table 7. Compressive Properries of Composites (Maxima of Ultimate Strength Values)

Temperature Ultimate Strength, o¢UY Ultimate Number of
(X) (108 N/m2) (103 psi) Compression, gt Specimens
(%)
5.6 mil Boron-6061 Aluminum
Longitudinal (0°)
295 = == =8
76 28.7 416 0.5 1
4 32.6 473 0.7 3
Transverse (90°)
295 2.60 37.7 0.5 3]
76 4,56 66.2 0.9 3
4 0.56 95.1 1.2 3
5.6 mil Boron-5505 Epoxy
Longitudinal (Oo)
295 -- - -
76 - - -
4 36.6 531 0.6 3 :
Transverse (90°)
295 271247, 32.3 1.6 4
76 4,56 66.2 1.5 5
4 4,52 65.5 1.1 3
5 Glass-NASA Resin 2
Longitudinal (0°,
295 5.62 81.6 1.3 3 ]
76 16.5 239 3.0 4
4 15.4 224 2.6 3
Transverse (900)
295 1.05 15.3 3.4 3
76 3.11 45.1 Tl 3
4 2.99 43.4 1.1 3 -
Type AS Graphite-NASA Resin 2 ;
' Longitudinal (0°)
295 5.61 81.2 0.5 3
76 12.3 178 1.0 4 .
4 8.83 128 0.8 3 :
i
Tranrsverse (90°) ;
]
295 1.04 15.1 0.8 3
76 1.51 21.9 1.1 3
4 1.50 21.8 1.0 3

P I —
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Appendix I: Calculation of Compressive Moduli

The elastic (Young's) modulus, E, is determined from a stress-strain
curve by the relationship:

g e (1)

where L = load, A = specimen cross-sectional area and e = specimen strain.
If the only available record of the test is a strip chart trace of load as
a function ¢f time, the time axis must be calibrated in units of strain.

For an infinitely rigid test machine, the strain would be given by the
product of time and crosshead speed divided by the specimen gage length. 1In
reality, a fraction of the crosshead motion causes strain in various compo-
nents of the load train other than the specimen. This extraneous strain may
be accounted for if one knows the functional relationship between incremental
specimen strain, Ae, and incremental strip-chart time, At:

Ae = £(AL) (2)

The factor f is a function of both the spring constant of the loading
system and of specimen stiffness, E-A. It is uniquely defined for a given
specimen and load train, and may be determined by comparing a strip-chart
trace with a load-strain trace recorded concomitantly from a strain-gaged
specimen. Specimens of differing stiffness yield differing f factors,
reflecting differences in the distribution of overall strain between the
specimen and the load train. However, if f factors are calculated from a
large number of specimens which vary in modulus and cross-sectional area
(but are of identical gage length), a plot of f versus the E*A product
provides a calipration curve for the test system.

Combining Egs. (1) and (2) yields:

_ AL
E = xf7iE (3)

Since AL, At and A are known, an iterative process is used to find the
correct value of the factor f. An estimate is made of the modulus, the
E-A product is calculated, and the corresponding f value is determined from
the calibration chart. This value is substituted in Eq. (3). A few itera-
tions suffice to narrow estimated and calculated moduli to within + 10%,
which appears to be a reasonable 1imit of accuracy for this method.

The same f value may be used to estimate the fracture strain from the
time scale of a load-time trace.

It is also possible to estimate the ultimate strain from the total test
time using Eq. (2). In those cases where a strain gage was applied but failed
before specimen fracture, a comparison of the initial linear portion of the
load time curve with the modulus from the load--strain curve yields an f value
from Eq. (3) vithout recourse to the calibration curve or any iterations.

18
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Appendix II: M. B. Kasen, "Mochanical and Thermal Properties of Fllamentary-
Reintorced Structural Composites at Cryogenic Temperatures-2:
- Advanced Composites,® Cryogenics 15(12), pp. T01-T22 (1975). =

The low temperature mechanical and thermal properties of advanced-fibre reinforced
structural composites are reviewed. The magnitude and range of particular properties
are discussed with respect to composite type and temperature. A property—material

crass reference is given with a 128-entry bibliography. This is Part 2 of a two-part

series. Part 1 considered glass-reinforced con posites.

Mechanical and thermal properties of filamentary-
reinforced structural composites at cryogenic

temperatures
2: Advanced composites

M. B. Kasen
Nomenclature
ot tensile ultimate strength
£ initia! tensile modulus
£ secondary tensile modulus
et tensile ultimate strain
ofu flexu. 'l ultimate strength
B initial flexural modulus
i secondary flexural modulus
o compressive ultimate strength
4 compressive modulus
€Y compressive ultimate strain
o interlaminar shear strength
nt fatigue strength
oby bearing yield strength
ghu bearing ultimate strength
ot impact strength
A thermal conductivity
AL/L therinal contraction (expansion)
Cy specific heat at constant pressure
o density

This review has four inain objectives: (a) to give the designer
sotne idea of the general magnitude of property values which
can reasonably be expected from a given category and class
of advanced-fibre composites within the cryogenic range;
(b) to provide insight into the ranking of specific composite
classes with rzgard to a specific property; and (c) to allow
him to asscss whether the nroperty of interest is likely to
increase, remain unaffected, or cecrease with lowering of
temperature. Readers with more specific interests are
referred to the Bibliography and Bibliography —Property
Cross Reference for retrieval of s ecific documents. The
Bibliography in this report is similar to that in Part | and

The author is in the Cryogenics Division, NBS Institute for Basic
Standards, Boulder, Coloradc 80302, USA. Received 16 June 1975,
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includes references to both the glass and advanced-fibre
reinforced composite literature. The scope of the literature
survey has already been described in Part 1 (CRYOGENICS
Vol 15, No 6 (June 1975) pp 327—-49)

We define a compusite category by the general reinforcement
type, for example, glass-fibre or advanced-fibre (graphite,
boron, etc). We subdivide the category into composite
classes by the general matrix type, for example, glass-
polyester or graphite-epoxy. We subdivide the class by re-
ferring to a compusite fype when a specific reinforcement/
matrix combination is specified, for example, HT-§/X-904
€epoxy.

The term ‘advanced-fibre’ is used to distinguish fibres having
high modulus (2070 x 10° b in"2, 138483 GPa) in con-
trast to the relatively low modulus of glass fibre (10 x 108
1b in"2, 69 GPa). Fibres of boron, graphite or proprietary
organic type dominate the advanced-fibre field.

Several differences will be noted between the presentation of
the data in this work and in Part 1. First, because of the wide
variation in properties among the advanced fibres (and, there-
fore, among the composites in which they are used), separate
data are presented on each specific reinforcement type.

Secondly, as no data were available on woven-cloth advanced-
fibre coinposites at cryogenic temperatures, present data are
restricted to uniaxial longitudinal and uniaxial transverse
layups. Thirdly, the overwhelming majority of the relevant
data for advanced-fibre polymeric systems aie reported for
epoxy matrices, in contrast to the variety of polymeric mat-
rices for which data were available in glass-reinforced systems.
Finally, data are presented for advanced-fibre reinforcement
of a metal matrix (aluminium).

A more subtle difference in the present work is the separ-
ation of static mechanical properties into primary and secon-
dary categories. The former category distinguishes those
properties useful in design calculations, while the latter dis-
cusses properties more qualitative in nature, which are pri-
marily useful in quality control or for comparative perform-
ance screening of composites.

In other respects, the data presentation follows that used in
Part 1, that is, literature property values are presented in
graphical form as a function of temperatures at 295 K, 200 K,
77K, 20K, and 4 K. The absence of a data point for a

given temperature indicates failure to find significant data.
References are given for each plotted curve.
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Curves presenting data averaged front several sources may
have a considerable scatter band associated with them. We
discuss the range of values 2ssociated with such curves and
emnphasize those specific types for which the best values were
1eported.

The complexity of the subject and the necessity of a cut-off
data for deta acquisition makes it unavoidable that some data
worthy of inclusion have been inadvertently overlooked. The
author would appreciate having such omissions biought to
his attention. The author also wishes to emphasize that the
data presented in this review reflect the published results of
thie cited authors. These data have not been experimentally
verified by NBS, and the conclusions and evaluations present-
ed herein do not imply approval, endorsement, or recommen-
dation of any commercial product by NBS.

There exists no universally accepted method of determining
many of the reported properties. It is not easy to obtain
valid uniaxial longitudinal tensile fracture because of the
difficulty of transferring the tensile load from the specimen
grips into the fibres of the specimen without introducing
excessive localized stress concentrations. Problems also arise
in uniaxial longitudinal compression testing where an un-
supported specimen may fail by the ‘brooming’ of its ends
or by column buckling. However, such premature failures
result in property values lower than the true values and tend
to bias the data accordingly

The discussion of properties of the composites Included in
this review does not take into consideration the effect of
variations in fibre resin ratio among specific types of com-
posites and test specimens. Boron-reinforced composites
normally contain an 0.45-0.50 fibre resin ratio volume, while
composites reinforced with graphite or organic fibre conven-
tionally have an 0.50--0.65 ratio. Composite properties are
strongly influenced by this ratio. Controlled variations ir
many of the properties are obtainable in practice by speci.ic

variation of the fibre content of the compositcs  The property

data discussed in this paper reflect values and trends reported
for composites containing of the order of 50% fibre volume.
However, the reader must refer to the literature for specific
compaosite data

Finally, the reader should be aware that composite techno-
logy is developing so rapidly that some of the data presented
in this review may not reflect the current state of the art.
Recent introduction of new reinforcing fibres, improvements
in composite fabrication techniques and refinement of test
methods have resulted in overall improvement in both the
level and the consistency of composite mechanical
properties.

For the reader unfamiliar with the development of advanced
composite technology, it will be useful to establish a per-
spective on the field. The two primary reinforcement sy-
stems are boron filaments produced by vapour deposition of
boron on a very fine tungsten wire substrate and graphite
fibre produced by graphitization {pyrolysis) of an organic
precursor fibre. Additionally, a proprietary aromatic poly-
amide organic fibre commercially called Kevlar 49 (PRD 49)
is currently receiving attention. The boron filaments were
initially produced at 4 mit (1 mil = 25.4 um) diameter; how-
ever, 5.6 mil diameter filaments are now widely used. Boron
fibre coated with a thin layer of silicon carbide, produced
under the trade name of Borsic, is reported to have improved
interfacial bonding to certain matrix types. The graphite
fibre is much more complex, as it is not only possible to
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produce such fibres from different precursor materials (the
two most comition being rayon and polyacrylonitrile (PAN)),
but it is also possible to vary the production process to pro-
duce fibres differing greatly in modulus and strength. As

tlie properties obtainable with graphite reinforcement may
approach those with boron reinforcement at a somewhat
lower cost, development of graphite fibres has proceeded at

a very rapid rate. Today the user is confronted with an
abundance of fibre choices, many of which are not well
characterized and many of which will disappear to be replac-
ed by newer types. At the present time, the potential user of
these materials would be wise to restrict his iuterest to those
types whose behaviour is reasonably well known, barring
compelling reasons for doing otherwise.

Graphite fibres may be produced with elastic moduli varying
from 25-75 x 106 1b in"? (170500 GPa), with strengths
varying inversely to moduli. In the present report, these
fibres are classified according to low, medium or high modu-
lus, the differentiation being < 40, 40—60 and > 60 x 10°
Ib in'2, respectively (< 275,275-415, and > 415 GPa).

As composites are frequently used where weight is cutical or
where high specific strengths are required, typical composite
densities have been summarized ir Table 1.

Primary static mechanical properties

The key static mechanical properties required for preliminary
design calculations with composites are: uniaxial longitudinal
and transverse tensile and compressive ultimate strengths;
uniaxial in-plane shear ultimate strength; and ultimate strains
in the uniaxial longitudinal and transverse directions. Key
elastic properties are uniaxial tensile and compressive moduli
in the longitudinal and transverse direction, uniaxial in-plane
shear moduli and Poisson’s ratios in the longitudinal and
transverse uniaxial direction (sec reference 124, Vol 1,
Design). The literature data available on these key proper-
ties for composites within the cryogenic range are far from
complete, and in some cases, non-existent. Nevertheless,
available data provide a feel for the magnitude and temper-
ature dependence of many key properties and serve to define
areas in which further data are required.

For most mechanical properties, the data for the graphite-
reinforced composites have been separated from that of the
other advanced composites, that is, those reinforced with
boron or PRD 49 (Kevlar 49). This reflects the larger
amount of available data on the graphite-reinforced materials

Table 1. Typical composite densities

Composite Fibre/resin Density, Ib in"?
system ratio (g cm:3)
s-glass-epoxy 0.60-0.67 0.068-0.074
(1.87—2.04)
Kevlar 49-epoxy 0.60-0.65 0.047-0.050
(1.3-1.38)
Boron-epoxy 0.55 0.070-0.074
(1.93--2.04)
Graphite-epoxy 0.55-0.60 0.050--0.055
(1.38-1.52)
Boron-aluminum  0.50 0.10 (2.62)

(4 mil)
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Fig.1  Ultimate tensile strength, oY, of graphite-epoxy
composites

a — Uniaxial longiltgdinal: 1 - Thorn%?S . 12— Ci(\)/-?O 13;
3 — Thornel ‘.30a .7 ;4—-HMG -50 "";5 - MH-S o

8 — Modmor | .7 — co 320 ;8 - Thornel 26~ *;

9= HT-S%'16'13'13'§'?§: 10 — Modmor 11 %; 11 — HMG-25 *
b — Uniaxial transverse: 1 — Thornel 75/ERLB 4617 SI;

28 — HT-S/NASA Resin 2'%; 2b — HT-5/4617 (modified) '*;
2c —- HT-S/X-904

and the large variety of graphite fibres for which data have
been published.

Composite tensiie strength

Fig.1 summarizcs the available data on the temperature depen-

dence of the ultimate tensile strength of graphite-reinforced
epoxy compositcs from room temperature into the cryogenic
temperature range for the uniaxial longitudinal and uniaxial
transverse orientations. A surprisingly large amount of cryo-
genic data were found in the literature for graphite-reinforced
materials - 58 scparate reports of test data, each report being
the average of several tests on a given composite. Undoubted-
ly, this large effort reflects the desire to exploit the relatively
low cost of gruphite fibres.

The available data summarized on Fig.1 indicate that graphite-
reinforced epoxy composites may suffer significant strength
losses upon cooling to 77 K, and as was observed with the
glass-reinforced materials in Part 1, the strength behaviour
below 77 K appears to become erratic.

Fig.1a indicates that the uniaxial tensile strength obtainable
in graphite-reinforced composites is about 30% of that ob-
tainable with glass-fibre reinforcement in the cryogenic range.
The ultimate tensile strength of composites tested in the ur.-
iaxial longitudinal mode should be fibre controlled; hencc,
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the tensile strengths should inversely follow the modulus of
the fibre. This trend is not reflected in the data of Fig.1a
indeed the averaged data indicate the converse; higher
strengths are associated with kigher modulus fibres and
lower strengths with lower modulus fibres. However, a more
detailed examination of the data averaged into these curves
shows that the expected correlation does exist if one con-
siders only the highest strength values reported for each
modulus range. Thus, the highest overall ultimate strength
at 77 K was 147 x 103 1b in"2 (1.01 GPa) reported for the
low modulus HT-S graphite fibre in X-904 resin.!? The
next highest was 130 x 103 Ib in"2 (0.90 GPa) reported for
HMG-50 in a flexibilized ~poxy matrix 1¢ for Modmor | and
for Samco 360 1 modified ERL 115€,8 all medium modulus
fibres, while 126 x 103 1b ir"? (0.87 GPa) was the maximum
reported for the high-modulus Thornel 75 fibre in ERLB
4617.5" This suggests that the higher strengths normally
associated with the lower modulus fibres may have been

lost in the averaging process due to variations in composite
quality or perhaps due to difficulties in obtaining valid ten-
sile fractures. Additional evidence that the test method is
capable of affecting the results is found in the work of
Larscn and Simon 19 who report almost diametrically
opposite temperature dependence of the ultimate tensile
strength for NASA Resin 2 and ERLB 4617 epoxy rein-
forced with HT-S fibre when each was testcd, first as flat
tensile coupons and subsequently as NOL (Naval Ordnance
Laboratory) ring specimens. NASA 2 resin is a bisphenol

A epoxy system modified for low temperature flexibility by
means of a long-chain anhydride and a high molecular weight
tricarboxy acid. This resin, consisting of Epon 828/DSA/
Empol 1040/BDMA in proportions 100/115.9/20/1 pbw,
was developed by Soffer and Molho $ under NASA
Sponsorship.

The uniaxial longitudinal tensile strength data for other ty pes
of advanced composites are presented in Fig.2a. The data
for PRD 49-epoxy, boron-epoxy, boron (Borsic)-aluminium,
stainless steel—aluminium, and the hybrid Borsic-steel-
aluminivm and Borsic-titanium-aluminium composites all
have higher absolute values of tensile strength and retain
their strength to lower temperatures than do the graphite-
reinforced composites. Data for Borsic and boron-fibre
composites have been combined except where differences

in reported values justified separating the data. The hybrid
Borsic-steel-aluminium (606 1) composite contained 4.2 mil
Borsic fibres in the tensile direction and stainless wires in the
transverse direction. The hybrid Borsic-titanium-aluminium
(6061) composite contained 4.2 mil Borsic fibres in the ten-
sile direction with §-3Ti foil interleaved between the boron
lamellae.!® While the latter two composites are not strictly
uniaxial, they have been included to illustrate the interesting
possibilities of hybrids.

The magnitude and temperature dependence of the ultimate
tensile strength of the graphitc HT-S/polyimide (Skybond
703) material were comparable to that of the graphite-
epoxies. A very sharp rise in strength on cooling was re-
ported for the HT-S/epoxy-phenolic (HT-424 Primer).

The stainless steel reinforced composite contained NS-355
stainless wires in a 2024 aluminium alloy matrix. This type
of composite is available commercially on special order;
however, it has not received wide acceptancc in view of the
wider availability of boron-reinforced alumninium, which has
similar strength properties.

Boron-aluminium composites are available commercially with
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Fig.2 Ultimate tensile strength, o‘”, of miscellaneous advanced
composites

a — Uniaxial Iongltu dinal; 1 — PRD 49 -1/epoxy & 60,

2 — boron-egoxy 22,47,53,58,8 13— HT- S/polymlde ;

4 — HT-S/epoxy- phenoluc 8.5 b(uon aluminium {6061) 3

6 — Borsm-steel-alumlnlum (6061) ;7 — Borsic-titanium-
aluminium (6061) — stainless steel aluminium (2024)”,

b — Uniaxicl transverse 1 — boron-epoxy ~* ;2 — boron-
aluminium (6061) ;3 — Borsic-titanium- alumlmum

either 4 or 5.6 mi} boron or Borsic reinforcement, while 8
mil boron fibers are currently being studied. Available liter-
ature values of uniaxial tensile strength at 77 K ranged from
163-202 x 103 1bin2 (1.12-1.39 GPa), with highest values
reported for 5.6 mil Borsic/6061.!3 Data were no’ available
for any other aluminium alloy matrix. Boron-epoxy com-
posites containing either 4 mil or 5.6 nil fibre are comner-
cially available in the form of prepreg tape, that is, with the
plastic matrix partially cured to facilitate component fabric-
ation and to improve composite quality. The literature values
for boron-epcxy composites tested in the longitudinal dir-
ection at 77 K varied from 167-226 x 103 1b in"2(1.15-1.56
GPa), the highest value being reported for the commercial
SP-272 product.'3

PRD 49 (Kevlar 49) is a relatively new type of organic fibre.
Present data indicate that this fibre in an epoxy matrix is
capable of developing tensile strengths at cryogenic temper-
atures comparable to that developed with the graphite
fibres. Hoggatt 5 reports NOL ring ultimate strengths of
146 x 102 1b in"? (1.0 GPa) for PRD 491 in a NASA Resin
2 matrix and 183 x 103 b in"2 (1.26 GPa) in an ERLB
4617 matrix at 20 K. There is some evidence of a slight
decrease in strength on cooling to 77 K; however, available
data indicate that the ultimate tensile strength of this
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material is relatively independent of temperature within the
cryogenic range.

The hybrids Borsic-steel-atluminium and Borsic- tltamum
aluminium complete tlie group of advanced composites that
has reasonably high strength in uniaxial tension. The some-
what lower strength of these hybrids, compared to the con
ventional boron-aluminium composite, reflects the reduced
density of boron fibres in the loading direction.

Metal-matrix composites are clearly superior to polymer-
matrix composites in transverse mechanical properties. As
secn in Fig.2(b), the ultimate uniaxial transverse tensile
strength of boron/6061 aluminium is about 50% higher than
that of boron-epoxy. Addition of titanium foil to the boron-
aluminium further increases the transverse strength at 295 K
and 200 K; however, the effect appears to diminish rapidly
as the material is cooled to 77 K. While the transverse
strength of the conventional boron-epoxy composite is
much lower than that of the metal-matrix materials, values
are still in excess of those developed with the graphite fibre
reinforcement.

The boron/6061 aluininium data reviewed here reflects the
as-fabricated (F) condition. Solution-treating and aging the
composite increase the transverse ultimate strength by about
30%, with a slight decrease in transverse ductility.!3

The literature reported a 77 K transverse ultimate strength of
14.2 x 103 1b in"? (97 MPa) for 4.2 mil Borsic/6061 alumin-
ium and a somewhat higher value of 24.9 x 103 1b in'2 (172
MPa) for 5.6 mil boron reinforcement.!3 1t is also probable
that this strength difference is real; however, available

data !'3126 3]50 indicate that the observed difference may

be due to residual stresses inherent in the small diameter
fibre rather than to the presencc or absence of a silicon car-
bide coating. The reader is referred to the section on ultin -
ate tensile strain for further discussion of this subject.

Composite tensile modulus

The primary reason for development of advanced composites
is the high modulus obtainable with the newer types of fibre
reinforcement. In contrast to a maximum of about 10 x 106
1b in"? (69 GPa) for glass-reinforced composites in the fibre
direction, Figs 3a and 4a show that moduli ranging from
30-40x 108 1bin"2 (207-276 GPa) arc obtainable with
several of the advanced fibre composites. Thus, while glass-
reinforced composites may at their best equal the modulus
of aluminium, the modulus of composites using advanced
fibres may at their best equal and often exceed that of steel.

Looking first at the graphite-epoxy composites, Fig.3a shows
that the uniaxial longitudinal modulus of the composite does,
on the average, reflect the modulus of the fibre when tested in
the uniaxial longitudinal mode. The available data indicate
that the modulus of the Thornel 75 composite (the only re-
presentative of the high modulus fibers) declines to about
that of the medium modulus fibres at 77 K. With this excep-
tion, the average data indicate that thc moduli in the fibre
direction slightly increase on cooling to 77 K. No correlation
is observed between fibre modulus and transverse composite
moduli in Fig.3b;indeed, none is expected, as the latter is
controlled by the properties of the matrix and by the fibre-
matrix interfacial bond strength.

A comparison of Figs 3a and 4a shows that the uniaxial longi-
tudinal modulus of graphite-epoxy composltes may exceed that
of any other type of advanced composite when certain graph-
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Fig.3  Initial tensile modulus, E', of graphite-epoxy composites
a — Uniexial longitudinal: 1 — Tharnel 76 12 — Thornel 50 s,
3 — Modmor | °; 4 — Sancom 320 b,' 5 — HT-S 8,161 .6 —
HMG-25 ®

b — Uniaxial transverse: 1 T Thornel 75/ERLB 4617 5';

2e — HT-S/NASA Besin 2 7;2b — HT-5/4817 {(Modified);

2c — HT-S/X-904

ite fibres are used. However, a comparison of Figs 3b and
4b shows that the uniaxial transverse tensile nioduli of
graphite-epoxy composites are much lower than that develop-

ed by the other advanced composites over the entire cryogenic

temperature range.

A closer look at the literature d :ta rrom which Fig.3a was
prepared revealed that an.ong e medium modulus ribres,
the modulus 2t 77 K was 39—43 x 106 1b in2 269-297
GPa) for Samco 360; the highest valuc being reported with
a modified ERL 2256 resin.8 The Modnior | fibre produced
almost as high moduli, ranging from 32-42 x 106 Ib in2
(221--290 GPa), with the highest values reported for a
NASA Resin 2 composite.8 (Note that these same fibres
developed high uniaxial tensile strengths). A distinctly
lewer range of 26-33 x 106 Ibin2 (179228 GPa) was
reported for Thornel 50; the highest values were for a
modified ERL 2256 composite.® among the low imodulus
fibres, HT-S (the most tested fibre) produced 1520 x 10°
Ib in"2 (103138 GPa), the highest value being reported
with X-904 resin,!3 while 17-22 x 106 1bin"2 (117152
GPa) was the reported range for HMG-25, the highest values
being obtained in a NASA Resin 2 matrix.?

As the transverse modulus properties are matrix dominated,
Fig.” b shows significant differences for the same HT-S fibre
in different epoxies. The illustrated data are for the same
composites as appear In Fig.1b. Here the lower moduli of
the HT-S/NASA Resin 2 and the HT-§/4617 (modified) are
due to the additions of flexiblllzers and elastomers to the
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epoxy resin, while the highest modulus was developed with
the conventional X-904 matrix. In gener i, the transverse
niodulus increases with decreasing temperature. A lower
composlte modulus value was reported {or the iugh-modvlus
Thornel 75 fibre in ERLB 4617 resln than for the
HT-$/X-904 combination.

Leaving the graphite-reinforced compos.tes ¢nd turning to
those relnforced with other advanced fibres v7e cbserve cn
Fig.4a that the uniaxial lonzitudinal moduli reported for
the boron-epoxy, the boron-al.uminium and th.¢ hybrid
Borsic-titanium-aluminlum and Borsic-steel-aluminium
composites all cluster around 30-3% x 106 1b in"2 (207-242
GPa) with little temperature dependence. Ti,” PRD 4%/
epoxy modulus is reported to be significantly lower, at
16-18 x 108 I in2 (110-124 GPa), but vuergoi.ga
significant rise between 77 K and 20 K. i general, these
uniaxial longitudinal moduli values compa ‘¢ favourable
with those of the graphite-epoxies.

The uniaxial transve.:se moduli are another matter. Asseen
in Fig.4b, the transverse moduli of th¢ aluminium-matrix
materials ar¢ far higher than those of the graphite-epoxies
and are, in fact, almost twice as high as that ¢f unreinforced
6061 aluminium. The transverse moduli of the boroa-epoxy
is much lower than that for the same fibre in an aluminlum
matrix, out is still almost twice that of the graphite-epoxy
inaterials. These data reflect the contributic:a mad:: by
fibre-matrix interface to the trinsverse r.odulus.
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Fig.4 Initiel tensile modulus, Es, of miscellaneous advanced
composites .

a — Uriaxial longitudinal: 1 — boron-epoxy il ;2 - PRD 49~
1/epoxy 59, 13- boron-aigminium (6061)'3;4 — Borsic-
tltaniurn‘-alumlnium {6061)" ;5 — Borsic-staal-aluminium

(6061)""

b = Uniaxlal transvarse: 1 —t? ron-apoxy {SP-272, Narmco 5505)"l
2 - borgn-alumlnium (6061) “;3 — Borlic-(itgnium-alumlnium
{6061)!%; 4 - Iiorsic-staei-aluminium (6061)’
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Fig.5 Ultimata compressiva strength, oY, of advanced
compaosites

a - Uniaxia! longitudinal: 1 — HT-5/X.804 l3; 2 ~ boron-epoxy gl
{SP-272, Marmeo 5505); 3 — boron-aluminium "~ (6061);

4 — Borsic-titenium-aluminium (6061)”; 6 — Borsic-stael-

aluminium (6961) \

b - Uniaxial langitudinal: 1 — HT-§/X-904 l3; 2 -l-})oron-epoxy .

8l

{Narmco 5505, SP-272) °" ; 3 — boron-aluminium

Lcoking in more detail at the uniaxlal longitudinal data, we
find that the boron (Borsic)-aluminiu~.. data ranged from
30.4-36.2 . 108 Ib in"2 (210-250 (Pa) with little tem-
perature dependence. These data combine values obtained

from fibres of 4 mil and 5.6 mil diameter in the two produc-

tion variants, as no significant difference was reported for
these materials. The boron-epoxy data represent average
results reported by Nadler et al 81 on SP-272 and Narmco
5505 (data range was not available). The hybrids, Borsic-
titaruuin-aluminium, and Borslc-steel-aluminium, were the
same com pusites discussed in reference to the tensile data
of Fig.2a. The slightly lower uniaxial tensile modulus of
the hybrids cornparcd to that of the conventional bor-n-
aluminium reflects the lower density of fibres in the stress
direction in the hybrids.

The PRD 49 data reflect input from both an ERLB 4617
and 2 NASA Resin 2 matrix.5969 The ERLB 4617 com-
posite produced a slightly increascd tensile modulus at all
temperatures, its value being 8.5 x 106 1b in"2 (i 28 GPa)
at 77 K compared to 17.5 x 108 1b in"2 (12i GPa) for the
NASA Resin 2. A large rise in modulus between 77 K and
20 K was reported for both matrices.

Considering the transverse data of Fig.4b in more detail,
we observe that the three aluminium-matrix composites
have similar moduli, about 20 x 10° Ib in"2 (138 GPa).

The boron-aluminium data was again the average of data
obtalned from 4.2 mil Boislc and 5.6 mil boron, similar
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values being reported for each variant. The borou-epoxy
data of Fig.4b again reflect the avcrage values obtained
from the commercial SP-272 and Nanuco 5505 materials 8!

Composite compressive strength and modulus

Data on the compressive properties of advanced cornposites
at cryogenic temperatures were also rclatively sparse. Those
which were available appear in Figs 5 and 6, combining the
graphite-epoxy data with those of the other composite
types.

These data show that the advanced composites have signi-
ficantly higher compressive strengths and moduli than those
of the glass-reinforced compositcs. Comparison of Fig.5
with Flgs I and 2 also shows that the compressive strengths
are 100—200% higher than the tensile strengths for the same
composites.

The highest uniaxial longitudinal compressivc strength,
more than 200% above that obtainable with glass reinforce-
ment, was reported for the commercial boron-¢puxy types
SP.272 and Narmco 5505.8! The compressive streagth of
this composite class was observed to increase on cooling to
77 K. Boron-aluminium reportedly has a comparatively
lower uniaxial compressive strength. The latter data retlect
Input from both 4.2 mil Borsic and 5.6 mil boror.-fibre
composites.!3 A slightly higher strength was reported tor
the 5.6 mil composite, but not sufficiently to justify a scp-
arate plot. Again, the Borsic-titanium-aluminium and
Borsic-steel-aluminium hybrids developcd strengths some-

wigh

A — i

40 -y 12H

L] ————iﬂ 124

. 28
nd E
- f -
il I 1
—
a s —
| e 2 i
a0
“H
[l
- F -3
> -
' L L SE N | S
U 50 100 (11 200 250 XN
b Tempe-atire | K

Fig.6 Compressive modulus, E€ of advanced composites

a - Uniaxial iongitudinel: 1 — HT-S/X-804 '3; 2 — boron-epoxy
{Narmco 5505 5P-272)%!;3 - boron-elyminium (6061) '*;

4 — Borsic-titanlum-eluminium (6061) '*; 5 — Borsic-steal-
eluminlum (6061)

b - Uniaxiel trensverse: 1 - HT-§/X 904 l3; 2 -~ boron epoxy
{Nermco 5605, SP-272)%!; 3 — boron-eluminium (6061) i}
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what below that of the conventlonal boron-aluminium, 1e-
flecing the decreased density of boron fibres In the stress
direction. Lowest uniaxial longitudinal compresslve strengtis
were reported for the HT-S/X-904 graphite-epoxy composite,
however, this composite developed a compressive strength
about twice that developed in tension and about 40% higher
than that available with glass reinforcement. The compres-
sive strength of the graphite-epoxy composite was report:d
to increase with cooling, in contrast to the tensile behavicur.

The available data on the transverse compressive strengths
of boron-epoxy, boron-aluminium, and graphite-epoxy com-
posites are cuiapared on Fig.5b. These composites appear
in the sarne relative order of strength as in the longitudinal
test mode. The commercial SP-272 and Narmco 5505
boron-epoxy products display substantial increases in com-
pressive strength on cooling. Lesser increases are observed
in the boron/aluminium and in the HT-S/X-904 graphite-
epoxy composite.

The compressive modulus of a given composite is expected
10 be the same as the tensile modulus. This is found to be
generally true for the HT-S/X-904 graphite-reinforced mater-
ial, for the boron-epoxy, for the Borsic-aluminium compos-
ites, and for the Borsic-stecl-aluminium hybrid, as may be
seen by comparing the compressive moduli of Fig.6a with
the tensile moduli of the same composites on Fig 3 and 4.
The Borsic-titanium-aluminium data are at variance with

this principle, as the reported compressive modulus is about
30% higher than in tension. The boron-aluminium and *he
boron-aluininium hybrids again show the highest longitudinal
moduli, with the boron-epoxy only slightly lower. Th2
modulus of the HT-S/X-904 graphite-reinforced composite
is again much lower than that of the boron-reinforced mat-
erials. There does not appear to be asignificant temperature
sensitivity of this parameter. Also, as in the tensile case, the
boron-aluminium is found to have a higher transverse com-
pressive modulus than either the boron-eg »y or the
graphite-epoxy composite.

Composite failure strain

Available data on the temperature dependence of ultimate
tensile strain for advanced composites are minimal; all of
that -vhich kas been published reflects the work of Hertz et
al.'3 Nevertheless, these data suffice to illustrate that: (a)
the strain at tensile fracture is very low for the advanced
composites, being of the order of 1-% x 103 in the longi-
tudinal uniaxial direction; and (b) the strain at tersile frac-
ture is relatively independent of temperature within the
cryogenic range. These data are summarized on Fig.7. These
struins are about an order of magnitude lower than those ob-
tained with glass-reinforced composites, reflecting the
negligible fracture strain of the advanced fibres.

Fig.7 includes data on one graphite-reinforced composite
(1IT-S/X-904), on two conventional boron-aluminium com-
posites (4.2 mil Borsic and 5.6 mil boron, both in 6061
aluminium) and on the two Borsic-aluminium hybrids dis-
cussed previously with reference to the other properties.
Both longitudinal and transverse ultimate fracture strains
appear on Fig.7.

Fig.7 indicates that the transverse fracture straln of the
HT-S/X-904 graphite-epoxy composite will be about 2 x 103,
or about 25% of the longitudinal strain. By comparison, the
tressverse fracture strain for the commerclal HT-§/3002
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Fig.7  Ultimate tensile strain, ¢, of advanced composites
{uniaxial tensile)

1 — HT-5/X-904 *;2 - 4.2 mil Borsic.aluminium (6061) L
3 — 6.6 mil horan-siuminium_(6061}'%; 4 — 4.2 mil Borsic-
titanium-aluminium {6061) "7; 5 — 4.2 mil Borsic-steel-
aluminium (6061} '

graphite-epoxy composite Is reported !2 to be 7.8 x 1073,
only sligiitly less than its longitudinal fracture straln of 8.6
x 1073, The Interfacial-bond strength between the fibre and
matrix in the HT-§/3002 composite was undoubtedly sup-
erior to that existing in the 1{T-5/X-904 composite.

Fig.7 shows that a 5.6 mil boron/6061 aluminium com-
posite is expected to fail at about the same strain in both
the longitudinal and transverse directions. The 4 2 mil
Borsic/6061 composite is expected to fail at a much lower
strain when tested in the transverse direction, Hertzet al !3
found that the 4.2 mil Borsic fibre was failing by longitud-
inal fibre splitting during transverse testing, while such split-
ting did not occur in the larger diameter fibre. The authors

concluded that the problem was related to the use of plasma-

spraved tape. Migher transverse strains were observed in the
same type of composite when diffusion-bonded tape was
used to make the test specimens. They concluded that
diffusion-bonded boron-aluminium tape was superior for
oriented-ply applications. Kreider and Prewo 25 has pro-
posed an alternative explanation for longitudinal splitting

of the small diameter boron fibres, citing resulis of diametral-

compression tests of individua! fibres, which indicate that
such splitting reflects strength anisotropy in the small fibres
due to residual stresses retained from the original fibre
manufacturing process and from pre-existing flaws in the

fibres. Sucn anisotropy was not observed in the larger fibres.

Fibre splitting was not directly reiated to the presence or
absence of a silicon carbide coating on the fibres. (Manu-
facturers of boron-aluminium tape report that current fab-
rication technology has overcome the problem of fibre
splitting)

The Rorsic-titanium-aluminium hybrid reportedly developed
higher struin values in both directlons than did the conven-
tional 4.2 mil Borsic-alumlnium, but lower values than that
of the composite relnforced with 5.6 mil boron. The borsic-
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Fig.8  Ultimate compressive strain, e, ¢ qr?ghite-epoxy
composites: anaxial compression HT-S/X 904

steel-aluminium hybrid shows clearly the Increase in trans-
verse strain capability due to the presence of stainless wires
oriented in this direction. The longitudinal strain of this
hybrid did not appear to be significantly affected by the
transverse reinforcement.

The only data available on the temperature dependence of
compressive strain within the cryogenic temperature range
was for the HT-S/} 904 graphite-epoxy composite, again
reflecting the wo. ' ;" Hertz et al.!3 These data, Fig.8,
indicate an increast:.,, «ompressive strain capability for this
composite type as the temperature is lowered, with a sub-
stantially higher strain capability in the transverse direction.
As in the tensile case, these strain values are substantially
lower than those reported for an HT/S/3002 graphite-
reinforced composite, 124

Composite in-plane shear strength and modulus

The key shear properties are the in-plane ultimate strength
and modulus, sometimes referred to as the intralaminar or
longitudinal shear proparties. The requirements for obtain-
ing valid shear property data are the same as for metals, that
is, values must reflect pure shear resolved onto a 45° shear
plane with respect to the tensile axis without significant
compressive or tensile forces normal to the shear plane.
Three shears may be defined in a bulk, uniaxial composite
laminate. Most important are the two longitudinal shears
represented by shear between parallel fibres in the plane of
the fibres. For example, taking the x axis parallel to the
fibres, longitudinal shear strengths may be defined as

o3 or o} ; however, in thin laminates, only one such in-
p{ane shear is of consequence. A third shear, which is trans-
verse or cross-fibre, is not an important composite design
parameter.

1t is important to distinguish between in-plane or intrala-
minar shear defined as above and inte>laminar shear, which
refers to shear between adjacent layers in a layered com-
posite. The latter, sometimes called horizontal shear, is
not a basic material property and is used primarily as an
adjunct to quality control or in material screening tests.
Because the test is simple and inexpensive, a large amou 't
of interlaminar shear data have been reported.

In-plane shar is a difficult property to measure accurately
because of the necessity of avoiding extraneous compressive
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or teusile stresses on the shear piane. The torque tube
(torsion) method works well but is expensive. Consequently,
somewhat simpler methods such as the ‘rail shear’ or the

*+ 45° lamlInate’ test have been devised. The inteiested
reader can find discussions of the relative merits of these
latter inethods in ASTM STP Vols 460, 497, and 546.

Few data are available on the in-plane shear properties of
composites at cryogenic temperatures. Hertz et al 13 report
a decrease In the shear strength of HT-S/X-904 graphite-
epoxy from 8 592 Ib in"? (60 MPa) at 295 K to 7 378

Ibin-2 (51 MPa)at 77k, using the torsion tube test method.
A concomitant shear modulus increase from 7.27 x 10°
1bin-? (10.5 GPa) was reported. Obviously, much additional
in-plane shear data ave required before trends in the cryo-
genic temperature dependence of shear properties can be
defined. Room teniperature values of shear strengths and
moduli are reportedly about 18 x 103 1b in"? (124 MPa)

and 9.5 x 108 1b in"? (65 GPa), respectively, for boron-
aluminium, while values for boron-epoxy are about 15 x 103
1bin"2 (124 MPa) and 7 x 105 Ib in"2 (0.48 GPa), respective-
ly.'24 Reported room temperature values for the shear
strength of graphi.c epoxy composites vary from 913 x
103 Ib in"2 (62 MPa) with a modulus of about 6.5 x 10%
1bin"? (0.45 GPa), the variation In strength reflecting variation
in properties of the graphite fibre used in the composite. As
most of the other mechanical preperties of boron-aluminium
and boron-epoxy composites either remain unaffected or
increasc upon cooling to cryogenic temperatures, these
room temperature values likely represent conservative values
for such materials at the lower temperatures. However,
confirmation must await further testing at the cryogenic
temperatures.

Seconrdary static mechanical properties

The properties discussed in this section are classified as se-
condary only in that they are not generally useful in a pre-
dictive design analysis using macromechznics coinposite
theory. lowever, such secondary properties are importan
in other ways. Because .omposites are largely fabricated in
situ, a large number of options are available among fiors (or
combinations of fibres) and matrix materials. Optioas are
also available in fabrication procedure. It is necessa:y to
efficiently evaluate various combinations in a meauingful
comparative manner in order to optimize the firal selection.
Furthermore, having made a selection, it is necessary to
have viable techniques for measuring the consistency of
composite quality over a production run. For such objec-
tives, the flexure test and the interlaminar shear test
(usually also performed in flexure) are relatively inexpen-
sive and infonnative. Additionally, there are properties that
are classed as secondary only in that the results are specific
to a given geometry as, for example, bearing yield si::ngth.

Compasite flexural strength and modulus

The flexure test requires that a bar or plate specimen be
supported near its ends while deflected by a moving ram at
its cenre, providing symmetrical three-point loading. Dimen-
sions of the fixture and specimen are proportioned to deve-
lop maximum stress in the oute (tension) fibres as flexure
progresses. Fibres run lengthwise along the specimen, that
is, between the supports, in uniaxial longitudinal flexure and
across the speclmen in uniaxial transverse flexure.

Fewer data were available on the temperature dependence of
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Fig.9 Ultimate flexural strength, ¢ i

a — Uniaxial longitudinai: 1 — GY-70 13:2 - Thorn;zll Ei(% ' sx
Courtaulds HM ©; 4 — Fibralloy 300 ;5 — HT.g ''.12. 1457,

3
6 — Modmor 11 ' 7 — HMG-25 ";

b - Uniaxial transverse: 1 — Modmor ||/1lolo:|13'~‘.- o= HT~S/100;1|‘l33-
3 HT-5/BSP-2401 '*;4 — HT-8/x-904 ' 1'% 5 — WT.8/3002 |1\
6 GY-70/1004 '°. 7 — GY-70/E-350A '8 — GY-70/X-904 '

the (lexural strength and elastic modulus than for tensile
properties; furthermcre, most of those availaole were re-
ported for graphite-epoxy composites. Fig.9 summarizes
the flexural strength data for the latter, while Fig.10
summuarizes the available data for other types of reinforce-
ments or matrices. The minimal available data on flexural
modulus properties appear in Fig.11.

Conparison of Fig.9 with Fig.1 shows that the graphite-
epoxy (lexural strength data span a much greater range of
values 1han does the tensile strength data in both the longi-
tudinal and transverse directions. The expected higher
strength of the lower modulus fibres is more in evidence
for the tlexural test than it was for the tensile test mode.

By far the largest amount of data was available for HT-S/
cpoxy composites. Furthermore, such composites had the
highest longitudinal flexural strength of all the graphite-
reinforced materials for which data were available. Strengths
were reported over a 113234 x 10% 1bin2 (0.78-1.61
GPa) range at 77 K. This is significantly I ver than the
325-470 x 103 1b in"? (2.24-3.24 GPa) range reported
for uniaxial glass-epoxies in Part 1. These data Included
test series designed to investigate cure cycles, aging effects,
and environmental effects,!213.58 Most of the work was
done with L-350, X915, or X-904 mat.i.<:, for which the
average flexural strengths at 77 K were repoited to oe very
similar, varying only from 167-178 x 10" Ib in"?

{115 1.23 GPa).13
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olfJgraphite-epoxy composites

The available data on the HT-S fibre composites remind us
that processing variables arc important; in particular, those
variablcs that affect the void content. Detailed examination
of the available data showed that in 84 of thc 89 reported
test series, the flexural strength of composites made with
HT-S fibre declined markedly on cooling to 77 K. The five
series for which strength increases were noted were reported
by Scheck 2 to have occurred concomitantly with a change
to a vacuum-bagging method of fabrication. This suggests
that at least a part of the observed drop in flexural strength
on cooling might have becn due to the presence of veids in
the composites.

Continu:ng this with the other fibres, we observe on Fig.9a
that the order of decreasing strength is Modmor H, GY-70,
and Fibralloy 300, arriving finally at a group comprising the
lowest reported strengths und consisting of Courtaulds HM,
HMG-25, and Thorncl 50 fibres. The flexure strength of
this latter group is only about a third that of the HT-S

fibre composites. Among these other fibres, most data were
available for the high-modulus GY-70, for which the spread
of values at 77 K was 85-133 x 103 Ib in"? (586917 MPa):
the highest being reported in X-904 epoxy resin. 13

The clear separation between the transverse flexural
strengths of the low modulus HT-S composites and the high
modulus GY-70 composites in Fig.9b suggests that there are
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Fig.10  Ultimate flexural strength, a“", of miscellaneous advanced
composites

1 — boron-epoxy,{SP-272) 57,2 — HT-S/polymide '35, 3 — HT-§/
epoxy-phenoloc d ;4 —~ GY-70/polyimide
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Resin 2.8 A slightly higher modulus was reported (or the
latter at both 295 K and 77 K.

Table 2. Comparison of ranking of specific uniaxial
graphite-epoxy composites by longitudinal flexure strength
and by longitudinal tensile strength (77 K)

TR e

Composite interlaminar shear strength

Compoasite 0¥, 103 Ibin?  Rank ot 103 Ibin2  Rank
: Interlaminar shear strength is the resistance to failure be-
A 178 1 147 1 tween layers in a layered laminate along the plane of their W
B 172 2 87 6 interface. Interlaminar shear is sometiines measured by the
c 167 3 103 2 guillotine inethod, in which shear is forced by the imposi-
D 146 4 a5 8 tion of opposing but offset cuts across the width of a flat
i E 117 g 92 4 tensile specimen. Alternatively, the short-beam method
1 F 58 6 91 5 may be used. Here, the specimen reseinbles a flat flexural
| G 55 7 71 7 specimen but is proportioned to fail by shear on the central L
¥ H 5e 8 93 3 layers of the composite. The guillotine method is reputed v
3 to produce less scatter. However, the values obtained are
] usually higher than those obtained with the short-beam
\ differences in the fibre-matrix bond strength between these method. The latter method is the most widely used. A
{ two fibre types, the high modulus fibre having the poorer modification (?ft}le shprt~beam test is used w1tl} filament-
{ bonding. Note that X-904 and 1004 epoxies were used with wound NOL ring specimens. Here, a short section of the
] both fibre types. ' 3
. Before leaving the data of Fig.9, it is of interest to consider - =
| whether or not the literature data support the contention
f that the relatively inexpensive flexure test may be used to o ]
obtain comparative ranking of composite strength in lieu of | o aTTR :
the more expensive tensile test. A visual comparison of the '
data cn Fig.9a with that of Fig.1a is hardly convincing.

However, such a comparison is 1.vbulous because these it »
graphs present data from different composite types. To [ [

clarify this question, the literature data were examined more .

closely and a comparison of ranking of strength in longitu-

dinal tension versus longitudinal flexure was made at 77 k

for eight specific composite types (saine fibre and matrix)

for which data were available. The data are summarized L o
in Table 2. Results suggest that the flexure test results are LY
not a very good measure of the relative tensile strengths of

graphite/epoxy composites at 77 K. Insufficient data

existed for similar comparisons with other mechanical

properties. I—I

Flexure data on other types of advanced composites were ol i i | I ! I

somewhat meagre. Fig.10 does indicate that the uniaxial R 8 T B e RN IR o
longitudinal flexural strength of boron-epoxy in the form s

of the commeicial SP-272 product is much higher than that

of the graphite-epoxies, although still lower than that deve- [

loped with glass reinforcement. A quite rapidly declining |

strength is observed on cooling to 77 K. The latter effect &}

was no’ observed in the comparable tensile data (see
Fig.2a). Data weie available for two polyimide composites,
one with the high modulus GY-70 fibre and one with the
low modulus HT-S fibre. Of these, the HT-S composite de-
veloped the higher strength. A small decrease in flexure
strength is evidenced in these composites at 77 K, but the
magnitude of the decrcase is less than that reported for
the uniaxial tensile strength. Finallv, the HT-S/epoxy-
phenolic (HT-424 Primer) appears to possess acceptable

flexure strength with little temperatuie dependence, in i
contrast fo the comparatively low strength and significant

temperature dependence reported for the same composite l
in longitudinal tension (see Fig.2a). 7 -35

Avemge

Frequency

5l fe” 295 K17

e

Frequency

@

| - \ 1 I. .l...l_ y
35 s
|

=
Very little data were available on the flexural modulus. b Sedloz

Data for the longitudinal mode appearing on Fig.11 reflect

the modulus of the reinforcing fibres and appear to agree
reasonably well with the moduli of the same composites in
tension. The Thornel 50 data are an average of data from
two matrix types, a modified ERL 2255 epoxy and NASA
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Fig.12  Histograms illustrating the reported range; of longitudinal
interlaminar shear strength, 0%

a — as reported for HT-S/X-304 graphite -epoxy at 77 K and

b — tha reportad changes in interiaminar shaar strangth in the sama
composita upon cooling from 295 K to 77 K
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ring (concave downward) is substituted for the flat speci-
ment. Results of the NOL segment and the flat short-beam
tests are not equivalent,

A wide range of interlaminar shear strength values may be
obtained with a single composlte type. Fig.!12a is a frequency
histogram illustrating the range of longitudinal interlaminar
shear strength reported in the literature for the graphite-
reinforced composite HT-S/X-904 at 77 K. The substantial
amount of data available for this composite reflects a com-
prehensive study of the effect of processing variables by
Maximovich and Scheck.!? These data suggest that the
maximum interlaminar shear strength obtainable with this
type composite is on the order of 17-18 x 10% 1b in"?
(117124 MPa).

The data ol Maximovich and Scheck may be analysed fur-
ther to determine what this relatively large body of data

can tell statistically about the temperature dependence of
interlaniinar shear strength. From the frequency histogram
of Fig.12b, we observe that the reported change in this para-
meter upon cooling from 295 K to 77 K approximates a
normal distribution around zero change, suggesting that
interlaminar shear strength is relatively independent of
temperature for this composite over this temperature

range. However, a more detailed look at the data shows
that those composites at the high end of the strength range
increased their interlaminar shear strength by about

4 000 Ib in"? (27 MPu) between 295 K and 77 K, suggesting
that the temperature dependence is affected by composite
quality.

Cryogenic interlaminar shear strength data have been pub-
lished for other graphite-epoxy composites and for borc -
spoxy, PRD 49-epoxy, and for boron-aluminium,810:1347,58
llowever, availuble data are insufficient for statistical exam-
ination. One finds that the reported 77 K interlaminar shear
strengths for graphite-epoxy composites made with ten fibre
types otlier than HT-S range from about 418 x 103 I in2
(27124 MPa), that is, covering about the samc range
covered by the HT-S duta of Fig.12a.

Somewhat surprisingly, available data on boron-epoxy
and boron-aluminium '3 composites suggest that the maxi-
mum interlaminar shear strengths of these composites are
almost the same s Tor the best of the graphite-epoxy com-
posites, that is, about 18 x 103 Ibin2 (124 MPa)at 77 K
with about a 4000 1b in"2 (27 MPa) increase between 295 K
and 77 K.

The only data on the interlaminar shear strength of PRD
49-cpoxy composites are those of Hoggatt §9.60 who report-
¢d NOL-ring scgment values of approximately 400 Ib in'?
(27 MPa) in both LRLB 4617 and NASA Resin 2 matrices.
Values obtained with the fatter ol these were found to be
cousistently higher by 40-70%. Very little temperature
dependence was observed. Tt is perhaps noteworthy that
the highest shear strengths reported for the graphite-epoxy
composites, 21 x 106 1b in"2 (145 MPa), was also ootained
with NASA Resin 2 epoxy.!®

13,58

Composite bearing strength

The only dawa found in the literature on the temperature
dependence of bearing prbperties of advanced composites

in the cryogenic range were published by Hertz et al '3 for
boron and Borsic-reinforced 6061 aluminium, including the
steel and titanium-reinforeed hybrids. These data, appe ring

CRYOGENICS . DECEMBER 1975

W i
i)
———— 1T
'-"--.____
- |
L\ j - _w
Ak ~ ‘3
o
. ad
s "'\\ o™
- |
- ~ Ad
20} S— b 1)
"'\\‘h 2.1 "\\ H
-
— S~ ~
. "M' 'E
e 2
@ Wl Sy 3
il 2

Temperoture, ¥

Fig.73  Ult'mate baering strength, ab“, of boron-eluminium
composites, uniaxial {ongitudine! direction

1 — 4.2 mil Borsic-aluminium (6061}; 2 — 6.6 mil Boron-atuminlum
(6061): 3 — 4.2 mil Borsic-steel-aluminium (6061): 4 — 4.2 mil
Borsic-titanium-aluminium (6061) (ull reference 13)

on Fig 13, are for bearing strength in the unaxial longitud-
inal direction, that is, the stress required for bearing pull-
out, rather than the more conventional bearing yield
strength. The data on Fig.!3 refer to material hole-to-free
surface dimensions two and four times the diameter of
No 10 steel pin (~ 4.8 mm). An increase in bearing ‘trength
with decreasing temperature is observed for both conven-
tional boron and Borsic-reinforced materials, the effect
being more pronounced in the 4D tests. The Borsic-steel-
aluminium hybrid pe.rformed much like the conventional
materials, while the Borsic-titanium-aluminivzu hybrid per-
formed somewhat eiratically, although the highest strengths
werr developed with this latter compuosite.

Dynamic mechanical properties

Composite fatigue

The only available data on the temperature dependence of
the fatigue properties of advanced composites were gener-
ated during cyclic pressure testing of filament-wound
pressure vessels. As the composites in these vessels were
cross plied and subjected to biaxial stressing, the data are
of value only in a comparative sense.

ilansom 45 has studied the cyclic fatigue perfermance of
pressure vessels overwiapped with Thornel 50 graphite
fibre using an ERL 2256/ ZZL 0820 epoxy resin. The
fatigue life at 77 K was found to be similar to that at

295 K, with 90% of the relevant single-cycle strength being
retained after 10 000 cycles. This compares to a retention
of only about 45% of the single-cycle strength for glass-
fibre reinforced vessels. Hanson concluded that, on the
basis of specific strength, graphite-fibre reinforced vessels
would huve fatigue performance superior to that of glass-
fibre reinforced vessels after only 80 cycles.
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Allring ct al 20 liave reported cryogenic cyclic fatigue data
o presstre vessels filsinent-wound with 4 mil boronin a
Polaris-resin matrix. Polaris resin consists ol Epou 828/
Epon 1031/NMA/BDMA in proportions 50/50/90/0.55
pbw. Conunercial designations are E-787 and 58 -68R.
The results were again reported to be independent of tem-
perature (down to 20 K). However, the fatigue life of the
boron-reinforced vessels was found to be relatively low,
with residual strengths falling to 40-50% of cingle-cycle
values after 10 000 cycles. This is about the same as for
glass remforcement.

These results suggest that graphite may be superior to boron
as a reinforcement fibre for composite structures subject to
fatigue at cryogenic temperatures. However, these data
must be considered verv tentative in view of the afore-
mentioned tendency for the 4 mil boron fibre to split
longitudinally wlen subjected to transverse stresses such

as are present in biaxially-loaded pressure vessels. The
fatigue performance at cryogenic temperatures of compos-
ites reinforced with 5.6 niil boron fibre should be substan-
tially better than with the 4 mil fibre, if fibre splitting is a
factor in the smaller diarneter fibre.

Composite impact strength

Few data were available on the impact strength of advanced
composites at cryogenic temperaturcs. The Advanced
Composites Design Guide 124 includes some unpublished
data on the Charpy V-notch impact values of cemmercial
5505 -4 boron-epoxy material tested transverse to the un-
iaxial longitudinal direction. These data indicate a slight
increase in impact strength from 22.8 ftlbin’! (121.7
Nmm!)at295Kt027.0ftlbin"! (144 Nmm1Y4i 20K
Concomitantly, a slight decrease from 46.3 to 39.5 ft b in"!
(247 to 211 N m m"") was reported for unnotched speci-
mens over this temperature range. The notched/unnotched
ratios of about 0.49 at 295 K and about 0.68 at 20 K in-
dicate some notch sensitivity. Sumnner and Davis 7 have
reported a 12 ft1bin"! (64 Nmm!) Charpy V-notch
strength at 295 K for 25 v/o stainless steel wire reinforced
2024 aluminium, this value increasing to 18 ft1b in"!

{96 Nmm!)at 77 K. Cryogenic impact strength data
were not available for the other types cf advanced com-
posites. However, room temperature data indicate that

the graphite-reinforccd composites have substantially iower
impact sirengths than boron-reinforced types. There is no
a priori reason to expect this relationship to chunge at
cryogenic temperatures. Such impact strengths are sub-
stantially lower than those discussed in Part | for glass-
reinforcement, where notched values transverse to the
uniaxial longitudinal direction were seer to range from
67-162 ftlbin! (357-865 Nmm!)at 77K.* The
critical factor has been identified as the stress-strain be-
haviour of the fibre reinforcement, higher impact values
being associated with higher failure strains of the fibre
whenever tests are made in the longitudinal (cross-fibre
fracture) mode. 125127

Impact strengths of uniaxial composites tested in the trans-
verse direction (anvil impact paiallel to the fibres) are essen-
tially matrix controlled. Since composite structures are
usually of crossply construction and subjected to complex
stresses, an improvement in the impact strength of the mat-
rix offers the possibility of an overall improvement of com-
posite toughness. Larsen ? has reported efforts to improve
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Fig.14  Longitudinal thermal expansion, &L/L, of uniaxial
advanced composites - -
1 — Thorne! 75/ERLB 4617 7 ;2 — GY-70/X-804 *~;

3 — Fibralloy, 300/X.904 '3;4 — HT-S/X-904 ”;95 — PRD49-1/
ERLA 4617 7.0, 6 — PRD49-I/NASA Resin 2 °°-%°; 7 — boron/

epoxy SP-272; 8 — 5.6 mil boron/alumininium 6061;9 — 4.2 mil
Borsic-titanium-aluminium 6061; 10 — 4.2 mil Borsic-steel-
aluminium {6061); 11 — 4.2 mil Borsic/aluminium (6061) (all
reference 13)

the impact properties of crossplied HT-S/epoxy materials at
cryogenic temperatures by addition of elastomeri¢c compon-
ents to the mutrix. Results of this work were reported in
terms of energy density, that is, the area under the force-
deflection curve, using a cleavage-type specimen. This work
showed that some improvement was indeed possible with
CBTN-modified ERLB 4617 epoxy. However, the henefit
gained was negated by a significant lowering of the room
temperature impact properties and by unpredictable per-
formance at cryogenic temperatures. Larsen concluded
that iinproved overall cryogenic properties would be ob-
tained by use of the NASA Resin 2 epoxy formulation with
graphite-reinforced composites.

[t appears at this time that substantial improvement of im-
pact strength of the advanced composites will require deve-
lopment of hybrids, possibly combining glass with the
advanced fibres.

Thermal properties

Composite thermal expansion and contraction

Unlike the glass-reinforced composites, some advanced-
fibre composites expand in the fibre direction when cooled
to cryogenic temperatures. Available data for the temper-
ature dependence of dimensional changes in the uniaxial
longitudinal direction are summarized in Fig.14, while
comparable data for the uniaxial transverse direction appear
in Fig.15.
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The graphite-reinforced composites display a very small long-
itudinal expansion on ccoling, slightly larger expanslons
being reported for the high modulus Thornel 75 and GY-70
fibre composites than for composites made with the medium-
ntodulus Fibralloy 300 and tl¢ low-modulus HT-S fibres.
The PRD 49 (Kevlar 49) composites undergo a comparatively
large longitudinal expansion on cooling, reportedly reaching
a maximum of about 810 x 10" at about 77 K.59:60
Slightly laiger expansion was reported with a NASA Resin 2
matrix than with ERLA 4617. The other advancec coni-
posites undergo linear contraction on cooling. The least
longitudinal contraction was reported for the commercial
SP-272 boron-epoxy product, while boron-aluminium under-
goes the largest contraction. The matrix contraction proper-
ties appear to he dominating in the latter composites, as re-
latively little difference is seen among the four vatiants, in-
cluding the hybrids. The 5.6 mil composite displays a slightly
lower contraction than does the 4 mil product. The longi-
tudinal thermal contractions of these boron-aluminium
composites are about 25% of that of an unreinfcrced 6061
aluminium alloy.

Dimensional changes in the transverse direction are strongly
influenced by the matrix; all advancad comprsites showing
contraction in this direction on cooling. These contractions
are large compared to changes observed in the fibre direction,
as witnessed by the necess:ty to change the ordinate scale on
Fig.15. The data indicate that boron-epoxy composites have
the least transverse contraction of the group, yet ever. this
relatively low value is three times larger than its longitudinal
change. The graphite-reinforced composites appear to under-
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Fig.15  Trensyverse tharmal axpansion, AL/L, of uniaxiel advenced
compositas

1 — boron/epaxy (8P-272) '%;2 — Fibralloy 300/ERLA 4617,
HT.5/X-004 ;5 — 4.2 mll Bonlc-tltlnlum/alumlngum 8081 13,
4 - GY-70/x-904 13,5 - boron{nlumlnlum 6081 ! H - 4.2mll
Borsic-stael /sluminium (8081) 1°; 7 — PRD 49-1/ERLA 4617 " 40
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Fig. 16  Tharmal conductivities, A, of advencad compuosites

a — Uniexiel IongitudiH; 1 = HTS/X-804 '3; 2 — Thornel gO-Polarls 38;
3 — B-spoxy, 5P-272 '*; 4 — B-epoxy, 4.0 8- on-Polaris 18,

5 — PRD 40-epoxy 1

b — Uriwisi irarsverse: 1 — HT-5/X-904 13; 2 — Thornel 50 — Polaris“";
3 - B-apuxy, sr-272 2

go about twice the transverse thermal contraction of the
boron-reinforced composites, reflecting the lesser constraint
provided in this direction by the small graphite fibres. A
slightly higher transve:se contraction is reported for the high-
modulus GY-70/X-9204 composite than for the low modulus
HT-S/X-904 material. However, such a small difference could
easily be accounted for by variations in fibre volume fraction.
The conventlonal boron/6061 aluminium composites have the
next largest transverse contraction. By comparison with the
contraction of unreinforced 6061 alloy (dashed curve), it is
seen that the transverse contraction of the boron-aluminium
composite is almost completely matrix dominated. No sign-
nificant difference in thermal contraction were reported for
4.2 mil Borsic and 5.6 mil boron fibre composites.

The PRD 49-epoxy composites undergo the largest transverse
thermal contraction. Comparing the temperature dependence
of PRD 49-1/NASA Resin 2 (curve 8) with that reported by
Soffer and Motho 5 for NASA Resin 2 alone (dashed curve),
indicates that the matrix is also dominating the transverse
dimensional changes in this composite. The PRD 49 fibres
do not offer appreciable restraint to transverse contraction
of the matrix because, as seen in Fig.14, this fibre expands
significantly in the 1ongitudinal direction during cooling. Of
necessity, this is accompanied by significant transverse fibre
contraction. Cooling to cryogenic temperatures would be
expected to produce sizable interfacial shear forces between
the PRD 49 fibre and matrix, with lesser forces normal to
the fibres.

Composite thermal conductivity

Few data were avallable on the temperature dependence of
uniaxial longitudinal and uniaxlal transverse thermal con-

ductlvity of advanced composites, Those which were avail-
able are plotted In Flg.16. When considering these data, the
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Fig.17  Specitic heat, C,,, of advanced composites

1 = HT-§/X 904, GY-70/X 904 '¥: 2 — B-epoxy (5P-292) '3;

3 - boron/6061 aluminiurn ~ ; 4 — Borsic-titanium/aluminium l3;
5 — Borsic-steel/aluminium "~ : 6 — graphite/phenolic

reader should be aware of the difficulties and potential
sources of error in determining thermal conductivity within
the cryogenic range. The comments made in Part 1 of this
paper on this subject apply equally well here. Furtt.ermore,
the volume fraction of fibrc will influencc the conductivities,
particularly in graphite-reirforced composites. For these
reasons, the data on Fig.16 should be considered as only
indicating trends.

The graphite-reinforced composites have relatively high
thermal conductivities in the fibre direction, reflecting re-
latively high conductivity of the graphite fibres compared

to epoxy. Longitudinal conductivity in these materials is
highly temperature dependent. The boron-reinforced com-
posites have much lower conductivities than do the graphite-
reinforced composites in the fibre direction and show a con.
paratively small temperature dependence of thermal con-
ductivity. Data were not available for boron-reinforced
aluminiuim; Lowever, the thermal conductivity of such mat-
erials will certainly be much higher ‘han that of a polymeric-
matrix composite. The conductivity should be approxi nate-
ly, half that of unreinforced aluminium in a typical 50
volume % boron-aluminium composite. Transverse thermal
conductivities are matrix dominated and very low for both
the graphite and boron-reinforced epoxy materials.

The only available data for PRD 49 indicate a longitudinal
thermal conductivity approximately the same as that for
boron-epoxy within the cryogenic range.

These data suffice to show that the thermal conductivities of
the epoxy-matrix advanced composites, particularly boron-
reinforced, are low enough to make them attractive for .
cryogenic structural components.

Composite specific heat

Fig.17 shows the specific heat of the advanced composites
to be similar to those of the glass-reinforced composites dis-
cussed in Part i of this paper. Again, an almost linear
temperature dependence of Cj, is observed from 295 K to
77 K. As a group, the specific heats of tlie composites are
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slightly [ower than that of aluminium for much of the reg'on
between 295 K and 77 K, but substantially higher than that
for copper and most other metals. The temperature depen-
dence of Cy, for aluminium, copper and titanium are included
on Fig.17 1Por comparative purposes.

The highest specific heat at cryogenic temperatures was re-
ported for boron-aluminium, the aluminium matrix undoubt-
edly contributing significantly to this relatively high value.
The depicted curve is the average of data reported by Hertz
et al 13 for 4.2 mil Borsic/6061 and 5.6 mil boron/6061.
Slightly higher values were reported at 295 K and 200 K for
the larger filament size, falling to slightly lower at 77 K. The
data indicate that the Borsic-aluminium hybrids had slightly
lower specific heats, probably reflecting the contributions
from the steel and titanium reinforcements. The specific
heat of the boron-epoxy composite lies between that of the
boron-aluminium and the graphite-epoxy. The specific heat
of the latter 1 as undoubtedly been lowered by the graphite
which, as shown by the dashed curve on Fig.17, has itself a
relatively low specific heat.

The data indicate that boron-epoxy has a comparatively
high specific heat at room temperature. This is noi unrea-
sonable, as boron has a room temperature specific heat of
about 129 x 102 J kg'! K'!. No cryogenic specific heat
data were available for boron or epoxy; however, the com-
posite data suggest a rapidly decreasing value of C;, for
boron as temperature decreases, while indicating that the
specific heat of epoxy probably lies betwe=n the curves
for boron-epoxy and graphite-epoxy.

Comments on advanced composites

The purpose of this review is to give the reader an under-
standing of the present state of knowledge as to the magni-
tude and temperature dependence of the properties of ad-
vanced fibre composites at cryogenic temperatures. 1t is
apparent that present knowledge is incomplete in many re-
spects; nevertheless, the available data justify considerable
optimism as to the future applicability of these materials
as *!.ictural components operating at cryogenic
temperatures.

Available data indicate that commercial state-of-the-art
boron-reinforced epoxy and aluminium perform well at
cryogenic temperatures. The high tensile aud compressive
strengths and elastic moduli of these materials remain con-
stant or improve as the temperature is lowered. Equally
impressive is the relatively small scatter in the data, suggest-
ing a high degree of reliability for components made from
boron-reinforced composites. The data suggest that the
commercial products may be used effectively at cryogenic
teinperatures without optimization of the composite
matrix.

Although actual data are not available, boron-aluminium
composites are certain to have a much higher thermal con-
ductivity than any polymer-matrix composite (approximately
half that of the unreinforced alloy}. This is a distinct dis-
advantage in many cryogenic applications. On the other
hand, the transverse strength and modulus of boron-
aluminium is much higher than that of polymermatrix
composites. The latter is a distinct advantage of metal-
matrix composites, simplifying composite design and in-
creasing component reliability.

Available data on the cryogenic perfcrmance of the graphite-
reinforced epoxy class of composites are less convincing.
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These materials can be produced with moduli higher than
those obtainable with boron-reinforced materials. Graphite-
epoxies have the highast thermal stability of any composite
class, which is an advantage for many cryogenic applications.
However, the ultimate tensile strengths of the graphite-
epoxies are substantially lower than for composites with
boron reinforcement, and the strength tends to decrease
upon cooling to cryogenic temperatures. Mechanical pro-
perty test results are frequently unpredictable and contra-
dictory. It is not at present known how much of the erratic
behaviour is due to problems in testing and how much is an
inhercnt chaiacteristic of the material. Certainly, the over-
all performance of graphite-fitre overwrapped pressure
vessels reported by Larsen and Simon !9 was much better
than would have been predicted from their basic test data.
We therefore conclude that graphite-reinforced composites
have potential for structural use at cryogenic temperatures,
ir particular, for applications requiring dimensional
stability. However, further development and testing are
required.

PRD 49 (Kevlar 49)-reinforced epoxies also appear pro-
mising for cryogenic applications, due to the relatively low
cost of the fibre and the improved modulus compared to
glass. However, present data on this material are minimal,
and fuither investigation must be undeitaken before this
material can be applied with confidence in a cryogenic en-
vironment. PRD 49 is unusual in that it undergoes a sign-
ficant expansion in the fibre direction during cooling to
cryogenic temperatures. Large residual stresses between the
fibre and the epoxy matrix might be expected to adversely
affect the mechanical properties of composites made with
this material. Nevertheless, the work of Hoggatt 59:6%has
shown that, with proper design, PRD 49-epoxy composites
can be used to good advantage in some cryogenic applic-
ations. As no compressive strength data were available at
cryogziic temperatures, the potential user should investigate
ttus parameter in applications where compressive loading is
a factor.

In contrast to the boron-reinforced materials, the available
data suggest that both graphite and PRD 49-reinforced
composites may benefit from matrix optimization when
used at cryogenic temperatures. Larsen and Simon 10 have
recommended NASA Resin 2 for both uniaxial and crossply
graphite-reinforced composites. The work of Hoggatt
suggests that this type of matrix is also satisfactory for PRD
49 reinforcement.32%0 When considering the use of NASA
Resin 2, the read:s should be aware that this resin has been
optimized for cry »genic use by the addition of flexibilizers,
which significantly re:fuce the strength at elevated temper-
atures. In particular, care must be taken to properly sup-
port components made with this resin whenever elevated
temperature baking of a component is required.

The foregoing is not intended to imply that the NASA Resin
2 formulation is clearly the best resin for all cryogenic
applications. Composite manufacturers may well recom-
mend other types of epoxies for cryogenic applications. The
present report is not intended to be prejudicial to such
recommendations. However, the purchaser is advised to
request documentation that the recommended resin has
shown itself to be suitable for the intended cryogenic applic-
ation. In particular, the suitabllity of various resins for
crossply composites subjected to fatigue loading under
cryogenic conditions has not been adequately investlgated.
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Su:nmary of primary property trends in uniaxial
advanced composites upon cooling to cryogenic
temperatures

Tensile strength

Boron-epoxy and boron-aluminium show little temperature
dependence of strength. The sarme appears to be true for
PRD 49 (Kevlar 49)-epoxy, al’nough data are minimal.

The graphite-epoxies tend teward decreased strength on
cooling, 77 K values being of the order of 20 x 103 1b in"2
(138 MPa) lower than at rcom temperature,

Tensile modulus

Boron-epoxy, boron-aluminium, and graphite-epoxy com-
posites appear to retain their room-temperature moduli
when cooled to 77 K. Minimal available data indicate that
PRD 49 (Kevlar 49)-epoxy composites undergo a substan-
tial modulus increase on cooling below 77 K.

Compressive strength

Compressive strengths of the advanced composites tend to
either increase (boron-epoxy, graphite-epoxy) or to remain
essentially unchanged (boron-aluminium) during cooling
to 77 K. Compressive strength data were not available for
PRD 49 (Kevlar 49)-epoxy composites.

Compressive modulus

Compressive moduli generally remain unchanged upon cool-
ing to cryogenic temperatures, except for a small moduli
increase reported for boron-epoxy. Data were not available
for PRD 49 (Kevlar 49)-epoxy.

Ultimate tensile strain

Available data indicate a small (5—15%) decrease in longi-
tudinal strain at failure on cooling boron-aluminium and
graphite-epoxy to 77 K; the latter being the more temper-
ature sensitive. Transverse failure strain appears almost
independent of temperature in these composites. Data were
not available for PRD 49 (Kevlar 49) or boron-epoxy.

In-plane shear strength and modulus

Insufficient data are available to indicate trends in these
properties. One reference cited about a 14% drop in shear
strength, concomitant with about a 50% shear modulus
increase, for a graphite-epoxy composite upon cooling to
77 K. however, variations in fibre type and matrix com-
position will undoubtedly affect the temperature sensitivity
of these properties. No data were available for other
advanced composites.

Thermal expansion and contraction

Graphite-epoxy is the most dimensionally stable of the
advanced composites, undergoing a very slight expansion
longitudinally (fibre direction) and moderate transverse
contraction on cooling. Boron-epoxy is the next most
stable, showing moderate contraction in both directions
on cooling. Boron-aluminium contracts about twice as
much as boron-epoxy longitudinally; however, the con-
traction is only abonut 20% of that of the unrelnforced
metal. Transverse contraction of boron-aluminlum is al-
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most the same as that of the unreinforced metal. PRD 49
(Kevlar 49)-cpoxy composites are the least dimensionally
stable, expanding substantially in the longitudinal direction
and contracting substantially in the transverse dire ction.

Therma! conductivity

Boron-epoxy and PRD 49 (Kevlar 49)-epoxy have substan-
tially lower longitudinal thermal conductivity than graphite-
epoxy composites. Differences in conductivity decrease as
temperature decreases. Conductivity in the transverse direc-
tion is ap proximately the same for graphite and boron-epoxy,
being much lower in this direction. Data were not available
for PRD 49 (Kevlar 49)-epoxy and for boron-aluminium.

Specific heat

The specific heat of the advanced composites appear to be
almost linear from 295 K to 77 K. As a group, the values
are slightly lower than that of aluminium, but substantially
above that of titanium or copper. The specific heat ot
boron-aluminium is slightly higher than that of boron-
epoxy or graphite-epoxy. No data were available for PRD
49 (Kevlar 49)-epoxy.
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The use in this paper of trade names of specific producis is
essential to the proper understanding of the work presented.
Thei - use in no way implies approval, endorsement or re-
cone .endation by NBS. Generic numes have been substit-
uted whenever it was possible to do so without sacrificing
clarity. Manufacturers of the trade named materials are
listed in the Appendix.

Appendix
The following materials are referred to in this report:
Fibres
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Graphite

IIT-S, HM-S Courtaulds Ltd
HMG-25, HMG-50 Hitco Corp
Modmor I, I} Morganite Ltu
Thornel 25, 50 Union Carbide Corp
Samco 320 Samco Corp
Fibralloy 300 Monsanto Corp
GY-70 Celanese Corp
Boron

Borsic Hamilton Standard Corp
Others

PRD 49 (Kevlar 49)

Resins
Epoxies

X904, X-915
ERL 2256, ERLB 4617
Epon 828, 1031, 58-68R

716

E. L. DuPont de Nemours,
Inc

Fiberite Corp
Union Carbide Plastics Co
Shel! Chemical Corp,

o i o g T WP et ot A o

E-350, E-787
Ciba 8183/137, 3002

Plastics & Resin Div
US Polymeyic Corp
Hercules Corp

Others

Skybond 703 (polyimide)
11T-424 (epoxy-phenolic)

Mo1santo Corp
American Cyanimid

Flexibilizers, Hardeners

ZZ71.0820

Emnpol 1040

DSA — dodeceny! succinic
anhydride

BDMA — benzyldimethylamine

NMA — nadic methyl anhydride

Union Carbide Plastics Co
Emery Industries, Inc

Boron Composite Products

SP-272 Minnesota Mining &
Manufacturing Co
5505 AVCO Corporation
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Bibliography — property cross reference
-’ Glass- Glass- Glass- Gless- Glass- Glass- Gless- Gless-
Property Epoxy Polyaster Phenolic Teflon Silicona Polyurethane Phenyl Silene  PBI**
otu 1-1.3,2-2.2,1-1.3,2-2.2, 1-1,3,2-2.2, 2-2.2,37,67 1-1.3,2-2.2, 2-2.2,85 2-2.2,57,66, 2-2.2
3-3.5,4,5, 3-3.2,3-4, 40, 54, 65, 57, 68, 80, 94, 24, 40, 57,
[V 5.1,22,24, 3.5, 34,40, 64-66, 71,75, 102,113 64, 66, 68,97
A 28, 33,35, 55,57,63, 83, 93, 97,
40,43,46, 64,66, 75, 111,112
) 47,52,54, 109
65, 67, 66,
71,87
E'I 1-1.3,2-22,1-13,2-2.2, 1-13,2-2.2, 2-2.2,80 1-13,2-22, 2-2.2 2-2.2,57,66 2-2.2,24
3-3.5,45, 3,634,55,67, 54,655, 57 24,57
| 5.1, 24, 28, 97, 111
':_ ! 35, 55, 56,
1’ 57,66, 87
- | 35 Es 1-13,2,3- 1-1.3,2,565, 1-1.3,655,57 1-1.3,2.57 2 2,57 2
: L 3.5,28,55, 57
66, 67
. g et 3-3.5,4,5, 3-3.5,64 64, 65,112 80, 89,102 64 85
} 5.1, 35, 64
b 85
i ofu 1-1.3,2-2.2,1-1.3,2-2.2 1-1.3,2-2.2, 2-2.2,80 1-1.3,2-2.2, 2-2.2 2--2.2 2-2.2
i \ e;x 3-3.5,4,40, 3-3.3,3.5, 40,41,57, 11, 40, 67,97
Lf 57, 66,71 40, 57,66 83,93,97
-ili Etl. 1-13,2,3- 1-13,2,2.2, 1-13,2-2.2, 2-2.2,80 1-13,2-22 2-22 2-2.2 2-2.2
! 3.2,3.4, 57 57, 83,93, 97 57
3.5,67
1 Eg 1-13,2 1-1.3,2 1-1.3,2 1-13,2 1-1.3,2 2 2
oY 1-13,2, 1-1.3,2,2.2, 1-13,2-2.2, 2-2.2,80 1-13,2-02, 2-22 2-2.2,57 2-2.2,24
. ] {; 2,2,3-3.2, 3-3.5,34,567 57,8297 24,57
| 34,35,
I 24, 57,66
3 J 3 EC 1,1.2,13, 1-13,2,22, 1-13,2-22, 2-2.2,80 1-1.3,2-2.2, 2-22 2-2.2 2-2.2
E i B 2,2.2,67 57,86 57,82, 97 57
1 ] a8 3-3.2,34, 3-35 7
s 3.5,4,4.1,
5,6.1,22,
47, N
nt 1,13,2,21, 1-13,2-2.2, 1-13,2-2.2 1-1.3,2 2 2 2
2.2,66,70, 34,70
99
oty 2-2.2,3-3.2, 2 2 2 2
34,35
i 4,71,103 62,109 71,97 80
3,4.1,14, 3,14,16-16.3, 14,16-16.3, 14, 16-16.3 14, 16-16.3, 14,16-16.3 16, 24
16-16.3,21, 90 49
23-25, 38,
42,56,61,
63,90,114
AL/L 3,5,14,16, 3,14,16-16.3 14, 16-16.3, 14,16-16.3, 80 14, 16-16.3, 5, 85,91 14, 16-16.3 16, 16.2
16.2,16.3, 28, 26, 27, 50, 67
69,85,91, 111
100, 101, 104,
114
cp 16,16,16.2, 15,616-16.3 16, 1L 16.3, 15,16-16.3 15, 16-16.3, 15, 16-16.3 16-16.3, 24
16.3,24,114 64 24
* includes fractura toughnass
** polybenzimidazole
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Bibliography—property cross reference (contd)
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, ) Graphite- 8oron- Boron- PRD-49
3 19 Property Epoxy Epoxy Aluminum Epoxy
gtu 8.9,10,10.2, 13,20,22 13,13.3 29, 44,
13,13.2,32, 47,53,58, 59, 60
47,51, 68 81
E‘| 8,9,10,10.1, 13,81 13,133 44, 59,
13, 51 60
el 13 20 13
| ofu 8, 10, 10.1, 58
11,12, 13,
13.2, 58
l £f 8, 10.1
1
otY 13 13,133
E¢ 13 13, 81 13,133
i 0% 8,9,10,10.1, 13,22, 47, 13,133 59, 60
10.2,12, 13, 68, 81
13.2,47,58
nt 45 20
= ob 13,13.3
ot 9,10.2 81
A 13,17,18,38 13,38, 63, 81
aL/L 10,13,13.2, 13 13,133 59, 60
17, 18, 36, 51,
52, 84, B8
= cp 13 13 13,133
* includes fracture toughness
o,
" Miscellaneous properties
Notch tensile strength Glass-Epoxy (3-3.2, 3.4, 3.5, 43,
46)
Y
Vapour permeability Glass-Epoxy (28)
) Modulus of rigidity Glass-Epoxy (53), Glass-Teflon (80),
i Boron-Epoxy (53)

Poissons ratio Glass-Epoxy (53), Boron-Epoxy (53)

Proportional limit in tension Glass-Epoxy (55, 56), Glass-
Polyester (1—1.3, 55, 56)
Static fatigue Glass-Epoxy (66, 99), PRD 49-Epoxy (44)

Environmental effects Glass-Epoxy (4—4.4), Graphite-
Epoxy (13, 13.2, 17, 68) Boron-Epoxy (13, 58),
Boron-Aluminium (13, 36), PRD 49-Epoxy (44)

Electrical resistivity Graphite-Epoxy (13), Boron-
Epoxy (13)

Thermo-optical effects Graphite-Epoxy (13, 84), Boron-
Epoxy (13)

Density Glass-Epoxy, Polyester, Phenolic, Silicone, Pheny!
Silane (14, 57), Glass-Teflon (14), Glass-Polybenzimidazole
(16), Graphite-Epoxy (9, 13), Graphite-Phenolic (14), '
Graphite-Polyimide (12.1)

Radiation effects (13.2, 33, 37, 40, 51, 62, 64, 65, 75, 94,
112, 113)

Cryogen competability (33)

Miscellaneous composites

Glass-Polyimide otV (24, 67, 68), ofv (89), 0% (12.1, 89)
AL/L (67)

Glass-Melamine otV (65), €! (65), X (90)

Glass- Viton oY (68)

Glass-Pheny! formaldenhyde o' (110), X (72), ¢, (72)
Si0,-Epoxy o' (31), AL/L (28)

Graphite-Aluminium ¢** (thermal cycling effects 6—6.2)
Graphite-Polyimide o (14, 16—16.3) AL/L (14, 16-16.3)
Steel-Aluminium ot (7,7.1), €' (7.1), ¢* (7,7.1)

Steel-Epoxy o' (2, 30), E1(2, 30), o (2), 0¥ (2),
Ec(2),n" (2)

Boron/Steel-Aluminium) o', E*, o, E¢, ¢, AL/L, Cp

Boron/Titanium- (13,13.3), o™ €', n' (13)

Alumininium

Potassium titanate-epoxy \ (16), C,, (16)

Pressure vessel applicztions

Glass-filament (19, 20, 39, 42, 4648, 53, 67, 69, 76, 77,
91, 92, 95, 96, 98—100, 104108, 113)

Graphite-filament (8, 10, 10.1, 45, 47, 100)
Boron-filament (20, 47, 63, 78)
PRD 40-filament (59, 60)
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Summary: Elastic Properties

During the six months preceding March 1976, the following studies
were conpleted:

(1) 2000-series aluminum alloys. Two alloys -- 2014 (Al-Cu-Si-Mg) and
2219 (Al-Cu) were studied in their precipitation-hardened conditions by a
pulse-echo method between room temperature and liquid-helium temperature.
These alloys exhibit similar elastic properties and regular behavior with
respect to temperature. They are slightly stiffer elastically than some of
the other aluminum alloys that were reported on previously in these reports.
Results of the study are given in an accompanying manuscript "Low-temperature
elastic properties of aluminum alloys 2014 and 2019" by D. T. Read and H. M.
Ledbetter.

(2) Face-centered-cubic, iron-nickel, high-permeability alloy. Iron-
47.5 nickel was studied between room temperature and liquid-helium tempera-
ture by a pulse-echo method. Besides invar, iron-36 nickel, this is the
only material of this type for which low-temperature elastic constants have
been determined. Contrary to some previous reports, the room-temperature
thermo-elastic coefficients are normal for this material. Results of the
study are given in an accompanying manuscript "Low-temperature elastic pro-
perties of iron-47.5 nickel" by H. M. Ledbetter and D. T. Read.

(3) N._kel-chromium-iron-molybdenum alloy. There is an accompanying
reprint of our previously described results on Inconel 718: W. F. Weston
and H. M. Ledbetter, "Low-temperature elastic properties of a nickel-
chromium-iron-molybdenum alloy," Mater. Sci. Engg. 20 (1975) 287-90.

(4) Aluminum alloys 1100, 5083, 7005, 7075. There is an accompanying
reprint of our previously described results on four aluminum alloys: E. R.
Naimon, H. M. Ledbetter, and W. F. Weston, "Low-temperature elastic proper-
ties of four wrought and annealed aluminium alloys," J. Mater. Sci. 10 (1975)
1309-16.

{5) Copper-nickel alloys. Our study on copper, copper-10 nickel, and
copper-30 nickel was published: H. M. Ledbetter and W. F. Weston, "Low-
temperature elastic properties of some copper-nickel alloys," 1375 Ultrasonics
Symp. Proc., IEEE Cat. No. 75 CHO 994-45U, 623-7. A reprint is not included
here because it is indentical to the preprint version given previously.

(6) Superconducting-coil composite. There is an accompanying reprint
of our previously described results on a niobium-titanium, copper-stabilized,
epoxy-impregnated, superconducting-coil composite: W. F. Weston, "Low-
temperature elastic constants of a superconducting coil composite,”" J. Appl.
Phys. 46 (1975) 4458-65.
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E 8 Abstract
5 g Elastic properties of aluminum alloys 2014 and 2219 were studied
¥
j in their precipitation-hardened conditions between 4 and 300 K using o
an ultrasonic pulse-echo superposition technique. Results are given
] for longitudinal sound velocity, transverse sound velocity, Young's
1
modulus, shear modulus, bulk modulus, and Poisson's ratio. The Young's <
moduli increase about eleven percent on cooling. The shear moduli are
u about ten percent higher than for unalloyed aluminum. A1l the elastic
constants show regular temperature behavior. e
Key words: Aluminum alloys; bulk modulus; compressibility; Debye
temperature; Poisson's ratio; precipitation-hardening alloys; shear o
- modulus; sound velocity; Young's modulus.
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} Introduction
i The combination of a high ratio of strength to weight and high
‘ ) toughness at low temperatures makes many aluminum alloys attractive for
1 cryogenic structural applications. In this report, the cryogenic elas-
tic properties of two aluminum alloys, 2014 and 2219, used frequently
' ) at low temperatures, are described. A1l 2000-series alloys are preci-
pitation hardenable, containing copper as the principal alloying element.
Alloy 2014 has better mechanical properties, but alloy 2219 has
) superior weldability. This is believed éo be the first report of a
complete set of Tow-temperature polycrystalline elastic constants for a
series of 2000-type aluminum alloys.
A Flastic constants are necessary parameters in the design of criti-
.f N cal load-bearing members; they relate the stress applied to an object
% to its change in dimensions produced by the stress. Elastic constants
L are also used in analyzing the fracture properties of a material. The
%)

factor E/(1 - v°), where E is Young's modulus and v is Poisson's ratio,

occurs frequently when the strength properties of materials are con-

} i sidered.

oy

Some elastic-property data on these alloys were reported previously[1].

However, the inaccuracies of those data were high, and the shear modulus
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was not reported. Thus, neither the bulk modulus nor Poisson's ratio,
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which are frequently of interest in engineering design, can be computed.

In the present study, an ultrasonic (10 MHz) pulse~-superposition
’ method[2] was used for determining the velocity v of an ultrasonic pulse
propagated through the specimen. Appropriate moduli C were calculated
using equations of the type C = pvz, where p is the mass density. This

) indirect technique is more accurate than the more familiar direct
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measurement of the change in length of a specimen under load where large
errors can arise from mechanical misalignments. Ultrasonic methods have
many advantages: small specimens are sufficient, so that ancillary
equipment such as probes and dewars can also be small, and refrigeration
costs are low; specimens can have a simple geometry and can be easily
prepared; measurements can be made as nearly continuously as desired;

relative imprecision is Tow, about one part in 105

for the velocities;
laboratory-to-laboratory variations of the elastic constants are typi-
cally a few percent or less; and the relevant properties of the quartz
transducer used to generate and detect ultrasonic pulses are affected
only slightly by terperature.
Materiais

Aluminum alloys 2014 and 2219 are precipitation-hardenable alloys
containing copper and other alloy elements. Their chemical compositions
are given in Table 1. The 2014 alloy was tested in the T652 condition:
solution heat-treated, artificially aged, and stress relieved by roll-
ing. The 2219 alloy was tested in the T87 condition: solution heat
treated, cold worked, and artificially aged. The 2014-T652 and 2219-
T87 alloys had Rockwell hardnesses of B 80.6 and B 81.1 and mass densi-
ties of 2.810 and 2.835 g/cm3, respectively. Meta]]égraphic examination
of these alloys revealed severely elongated grains. Surfaces perpendi-
cular to the rolling direction showed nearly equi-axed grains with dia-
meters of about 0.02 cm in the 2014 alloy and 0.03 cm in the 2219 alloy.
Surfaces parallel to the rolling direction showed grains so severely
elongated that their dimensions could not be determined accurately.

Procedures

The specimen materials were obtained from commercial sources; the
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2014 alloy was obtained as a 7.6-cm thick forging, and the 2219 alloy

was received in the form of a 3.8-cm thick plate. The hardnesses were
determined by a standard technique; the mass densities were determined

by the method of Archimedes using distilled water as a standard.

Quartz transducers were honded to the specimens with phenyl salicylate

(salol) for room temperature measurements and with stopcock grease for

the initial part of the low-temperature measurements. These bonds failed
around 70 K, so that a silicone fluid (viscosity = 20 kPa-s at 259 C) was
used for bonding at very low temperatures. The low-temperature apparatus

was described previously[3].

Elastic constants were determined from sound-velocity measurements
» between room temperature and liquid-helium temperature. The inaccuracy of
the velocities is estimated to be Tess than + 1%.
& Transducer and bond effects were minimized by measuring the transit
x » times for both the one-transducer (usual) case and the two-transducer case,
using "identical" transducers and bonds. The corrections were about one
11 percent.
» Low-temperature data were obtained by a pulse-echo-superposition
method[2], which gives the ratio of the low-temperature velocity to the

room-temperature velocity with an imprecision of about 0.001%.

e e e e

:' » The main Timitation on the usefulness of the present results is the
batch-to-batch variation of commercial materials. Due to this factor,

variations in the elastic constants as large as one percent could be expected,

‘; ) but temperature coefficients should be unaffected. Thus, measurements on
similar alloys at room temperature should establish their elastic constants

over the entire 0-300 K region.
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M.j : Results and Discussion
I The measured Tongitudinal moduli C = pvi for both alloys are shown
in Fig. 1. The small steps between adjacent data points for the 2219 O
alloy at 80 K and 140 K are not representative of the material's elas-
! tic behavior, but are artifacts of the measurement process. They are
due to the use of two different bonding agents to seal the quartz trans- )
ducer to the specimen for the low temperature measurements. The temp-
{ erature dependences of the Tongitudinal moduli of both the 2014 and the
2219 alloys are quite regular. O
i The measured transverse moduli are shown in Fig. 2. Again, the
small step at 120 K in the modulus of the 2219 alloy is a measurement
artifact. The temperature dependences of the transverse moduli of both
I alloys are also quite regular. The data shown in Figs. 1 and 2 were
‘.N fitted to a function of temperature suggested by Varshni[4]:
s
a © - L
¥
}{ where C is any elastic stiffness constant (Cy and Cy in this case), ¢,
F }; s, and t are the fitting parameters, and T is the temperature. The fitted
?f§J curves are shown along with the data in Figs. 1 and 2. Values of the fit- 0
?éii ting parameters are given in Table 2. Average differences between the mea-
g‘;ﬁ sured moduli and the fitted curves were about 0.05%.
éié; : The elastic Debye temperatures for these alloys were calculated 0
from their elastiz constants at T = 0 K, and they are given in Table 2.
O‘
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have higher Debye temperatures than "pure" aluminum where © = 431 K.

o " T
: ]
1 As expected from their higher shear moduli (discussed below), the alloys
E
§ Values ¢ e longitudinal and transverse moduli calculated using
E
J

)
the fitted Va . parameters were used to calculate other elastic con-
stants. The additional elastic constants reported here: the shear modulus
' G, the Young's modulus E, the bulk modulus B, and the Poisson's ratio v,
b
Y
; are given by the following formulas{5]:
¢
| G=C 2 (2)
q - b V N
i} " t TPVt
* { II'
el
| ! | E = 3G(Cy - 4/3 C)/(Cy - Cyp)s (3)
lj ; .
- B=C'| - 4/3 Cts (4)
L and
B
. ' S - -
48 v o= 1/2(C] 2 Ct)/(C] Ct)' (5)

The four elastic constants nbtained using these relations are shown as
functions of temperature in Figs. 2-5. Values of these elastic constants

at selected temperatures are given in Table 3, along with some previous

results.

As shcwn by the data in Table 3, changes in the elastic constants of

2 < A F
LA R
i R T

aluminum alloys 2014 and 2219 between 300 and 0 K are about 12% for E and

G, and about 4% for B and v. These changes are much larger than those
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observed inalloys based on iron[6] and copner{7], two other common base
metals. Most of the changes in the elastic constants of these aluminum
alloys with temperature occur above Tiquid-nitrogen temperature, 77 K.

The outstanding feature of the data shown in Figs. 1-5 is Ehe
regular temperature dependence of all the elastic constants. These two
aluminum alloys are good examples of materials with simple, crdinary
elastic behavior with respect to temperature. This regular behavior was
not evident from some previous reports on these alloys.

The bulk moduli of the 2014 and 2219 alloys differ by 0.3% and 3.9%
from that of pure aluminum, while the shear moduli of these alloys differ
by 8.5% and 11.9% from that of pure alumi»um[8]. Thus, the alloying
elements increase not only the yield strength but also the shear modulus
of the base material. Alloying effects in these materials are complicated
by the large number of alloying elements, but it is clear that the alloy-
ing raises the shear moduli much more than is expected from a simple
rule of mixtures, while the bulk modulus is affected only slightly.

These alloys were not examined for anisotropic elastic behavior
because aluminum single crystals are only slightly anisotropic[8]. Even
strongly textured polycrystalline aggregates of aluminum should exhibit
nearly isotropic elastic properties.

Compared to other aluminum alloys that were studied previously[9],
2000-series alloys have higher longitudinal and transverse moduli, result-
ing in higher Young's moduli and higher bulk moduli than the other alloys;
but they have the same Poisson's ratio. The higher elastic moduli of the
2000-series alloys may be useful in critical design situations.

Conclusions

(1) With respect to unalloyed aluminum, alloys 2014 and 2019 have




higher Young's moduli (v 9%), higher shear moduli (v 10%), higher bulk
moduli (v 2%), and lower Poisson ratios (v 3%).

(2) These elastic moduli are also higher than those reported pre-
viously for 5000-series and 7000-series aluminum alloys.

(3) Alloy 2219 has a slightly higher shear modulus, but a slightly
Tower bulk modulus, than alloy 2014.

(5) The temperature behaviors of the two alloys are very similar.
Between 300 and 0 K, B increases about 4%, E increases about 11%, G

increases about 12%, and v decreases about 3 %.
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Table 1 Chemical compositions of studied :
aluminum alloys, wt. %@

él i

4 Alloy Cu Fe Mg Mn__ sn  Ti In__ Ir Al i

= ’ !

E, 2014 4.4 0.05 0.8 0.8 Bal ]

! I

?: 2219 6.4 0.20 0.01 0.26 0.15 0.16 0.12 0.09 0.16 Bal 1

i !

b |

O ) :

4 } d For 2014, nominal composition. For 2219, plasma arc analysis. |
- g ' I
i B 'a
a i Table 2 Varshni-function parameters determined from a least-squares J

fit of the data (see equation 1) and elastic Debye temperature, ©

Alloy Mode (10" Nm~2) s(10'! Nm~?) t(K) 0(K)

2014 1 1.241 0.0781 217 439
t 0.3152 0.0339 4 4

2219 1 1.220 0.0859 230 443
£ 0.3250 0.0345 209

53




F .
!F Table 3 Values of the elastic constants of two alumin%m alloys
f

. at selected temperatures in units of 1011 Nm=2, except )
E v, which is dimensionless
hf‘.i’
. {_
Previous
Present Results resultsa
Alloy Temperature(K) B E G Vv E
{ 2014 300 791 .757 .282 .341 Vp
200 .805 .794 .297 .336 .74
100 .817 .827 311 . 331 .76
i' 0 .821 .838 .315 .330 -
: 2219 300 .758 J74 291 .330 s 8
Y
200 172 .812 .306 .325 A0
100 .784 .845 .320 .320 .74
0 .787 .857 .325 .318 T
i 4 2014 alloy in the T-6 condition, average of longitudinal and trans-
1 verse, interpolated data; 2216 alloy in the T-81 condition, average
- of longitudinal and transverse, interpolated data.
A |
[ )
g ; List of Figures
;L;.: Fig. 1. Longitudinal modulus C1 = pv% for two 2000-series aluminum
;,i'i; alloys in precipitation-hardened condition as a function of
o O
4;%3 | temperature.
b e
! ‘3 Fig. 2. Shear modulus G = C4 = pV% for two aluminum alloys.
iﬁi: Fig. 3. Young's modulus for two aluminum alloys.
. k‘f'= 1 . \:
&, ? Fig. 4. Bulk modulus for two aluminum allcys.

Fig. 5. Poisson's ratio for two aluminum alloys.
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Low-temperature Elastic Properties of a Nickel—Chromium—Iron—Mulybdenum Alloy*

W.F. WESTON* and HL.M. LEDBETTER

Cryogenics Division, Institute for Basic Standards, National Bureau of Standards, Boulder, Colorado 80302 (U.S.A.)

(Received 1n revised form May 12, 1975)

The low-temperature elastic properties of two
nickel - chromium - iror: alloys, Inconel 600**
and Inconel X-750, were reported recently [1].
The same properties — the longitudinal modulus,
Young’s modulus, the shear modulus, the bulk
modulus (reciprocal compressibility ) and
Poisson’s ratio — are reported here for a nickel -
chromium - iron - molybdenum alloy, Inconel
718. Except for being slightly softer elastically,
it resembles Inconel X-750.

The low-temperature elastic properties of
Inconel 718 are of interest mainly because it is
a candidate material for cryogenic structural
applications [ 2]. The elastic properties are
important both for the design of structural
components and for understanding the basic
physical properties of a material. From the
temperature-dependent elastic constants, de-
flections can be predicted for any combination

* Contribution of NBS, not subject to copyright.
. NRC-NBS Postdoctoral Research Associate,
1973 - 74.
** Tradenames are used to identify the materials
tested; they are not NBS endorsements of particu-
lar products.

TABLE 1

Composition and properties of the alloy

Chemical composiiion, mill analysis

(wt.%)

Ni Cr Fe Nb +Ta Mo

53.73 18.49 17.62 5.17 2.98

Al C Mn Si S
0.007

0.58 005 0.08 0.17

“stress and temperature. Also, the Debye
characteristic temperature can be calculated
from the elastic constants. The Debye tempera-
ture relates in turn to a wide variety of solid-
state phenomena | 3].

Inconel 718 is made precipitation harden-
able by its niobium-plus-tantalum content.
{Inconel X-750 i1s made precipitation harden-
able hy its aluminum-plus-titanium content.)

It differs from the nickel - chromium - iron
alloys in having superior mechanical properties
such as yield, creep, rupture and fatigue
strengths [2]. Its sluggish response to precipi-
tation hardening permits annealing and welding
without significant property changes.

EXPERIMENTAL METHODS

Ultrasonic (10 MHz) longitudinal and trans-
verse sound-wave velocities were measured
hetween room temperature and liquid-helium
temperature (4 K) using a pulse-echo-super-
position method [4}. Experimental procedures
were identical with those reported previously
[1] except that the material was obtained from

.ness Mass density at
'H No., 1 kg load) 294 K (g/cm3)

Ti 426 8.229

66

1.01
Cu Condition: As-received; hot-rolled
0.04
USCOMM - FRL.
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a commercial source in the form of 3/4-inch
(1.9 -cm) rods. Chemical and physical data on
the material are given in Table 1.

RESULTS

The longitudinal modulus
C,= pv} (1)

is shown versus temperature in Fig. 1, where p
is the mass density and v, is the longitudinal
sound-wave velocity. The transverse modulus

C,=pt=G (2)

is shown versus temperature in Fig. 2, where
v, is the transverse sound-wave velocity and G
is the shear modulus. Young’s modulus E, the
bulk modulus B and Poisson’s ratio » were
calculated from the formulas [5]:

E =3C,(C, —4cC,)/(C, — Cy), (3)
B=C, —4C,, *(4)
v =(1/2)(C, — 2C,)/(C, — Cy); (5)

and these elastic constants are shown versus
temperature in Figs. 3 - 5. For comparison,
Figs. 1 - 5 also show as dashed lines the elastic
constants of Inconel X-750, which were re-
ported previously [1].

The temperature dependences of both C,
and C; were fitted to a theoretical relationship
suggested by Varshni [6]:

C=C° —s/(e!'T— 1) (6)

where C9, s, and ¢ are adjustable parameters

7.940p= ]

T
/
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Fig. 1. Longitudinal modulus vs. temperature for two
Inconel alloys.
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Fig. 3. Young's modulus vs. temperature for two
Inconel alloys.
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Fig. 5. Poisson’s ratio vs. temperature for two Inconel
alloys.

and T is temperature. The average difference
between curve values and measured values
was 0.06 and 0.05% for the transverse and the
longitudinal modes, raspectively.

The elastic Debye temperature was ealcu-
lated from C, and C, using standard formulas
[1] and was found to be § = 446 K at absolute
zero. For comparison, 6 (nickel) = 476 K and
0 (Inconel X-750) = 474 K.

DISCUSSION

Basically, the low-temperaiure elastie prop-
erties of Inconel 718 are very similar to those
of Inconel X-750. The higher-iron, lower-nickel
eontent of Inconel 718 accounts for its slightly
lower elastic Debye temperature. Inconel 718
is also similar to Inconel X-750 in the tempera-
ture dependences of its elastic constants for
the cases of E, G, and C,, which show regular
behavior. By regular behavior is meant: con-
tinuously decreasing with increasing tempera-
ture, linear behavior at higher vemperatures,
relative flatness at low ter.peratures, and zero
slope at T = 0 K. Both m.aterials show slight
anomalies in the tempera*- e dependence of
the bulk modulus. While Inconel X-750 shows
a concavity upwards in the B(T) curve, Inconel
718, as shown in Fig. 4, shows a maximum
near 100 K in its B(T) curve. Based on the
previous experience of this laboratory, it is
believed in this case that the imprecisions in
both C; and C, are a few parts in 104. Thus,
this anomaly (though small) is believed to be
real and not a measurement-computational
artifact.
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The interpretation of the riaximum in the
B(T) curve of Inconel 718 ean only be specu-
lative. Unlike Inconel X-750, it was verified
during the present study that Ineonel 718
is non-magnetic between room temperature
and liquid-nitrogen temperature (77 K). In
some respects, the low-temperature behavior
of the bulk modulus of Inconel 718 resembles
that of stainless steels AISI 304, 310 and 316
reported previously [7]. In those cases, the
anomalous behavior was interpreted in terms of
the Doring effect that results from a large
volume magnetostriction accompanying a
paramagnetic-to-antiferromagnetie transition.
However, no evidence of a low-temperature
magnetic transition in Inconel 718 seems to
exist; and neither the longitudinal modulus nor
Young’s modulus shows any evidence of a
dilatational anomaly. Thus, the nature of this
anomaly, its magnitude and perhaps even the
question of its existence deserve further study.

Comparisons with some previous results [ 8]
show reasonable agreement for both the room-
temperature elastic coustants and the tempera-
ture derivatives of E and G. 1t is easy to verify
that the temperature derivative of v reported
here is more reasonable than that obtained
from data in ref. 8. Differentiation of the
standard relationship

o,

V=2_G"—‘1 (7)
gives

1y B _{ldE ) 5
vdT E—2G\EdT GdT/"

The present data satisfy eqn. (8) exactly, while
the data from ref. 8 give a L.H.S./R.H.S. ratio
of 2.6. Temperature derivatives of B have ap-
parently not been reported previously. The
only previously reported clastic constant at

4 K is Young’s modulus {2]; this value, 2.11

X 10'N/m?, is identical with the present value.

This work was supported in part by the
Advanced Research Projects Agency of the
U.S. Department of Defense. Dr. E.R. Naimon
of Dow Chemical (Rocky Flats Division)
commented on the manuscript.
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Low-temprerature elastic properties of four
wrought and annealed aluminium alloys

E. R. NAIMON* Y4, M. LEDBETTER, W. F. WESTON
Cryogenics Division, Institute for Basic Standards, National Bureau of Standards, Boulder,

Colorade, USA

The elastic properties of four annealed polycrystalline commercial aluminium alloys were
studied between 4 and 300 K using a pulse-superposition method. Results are given for
longltudinal sound veloclty, transverse sound velocity, Young's modulus, shear modulus,
bulk modulus (reclprocal compressibillty), Polsson’'s ratio, and elastic Debye temperature.
The elastic stiffnesses of the alloys Increase 4 to 13%, on cooling from room temperature to
liquid helium temperature. The elastic constant-temperature curves exhibit regular

behaviour.

1. Introduction

Aluminium alloys are used extensively at cryo-
genic temperatures because of their favourable
mecharical properties. These properties include
increased strength without loss of ductility at
lower temperatures, absence of a ductile-brittle
fracture transition, and, for some alloys, high
strength-to-weight ratios.

Knowledge of a material’s elastic constants is
essential for wunderstanding its mechanical
behaviour, Most mechanical behaviour is best
described by a dislocation model, and the elastic
constants (usually the shear modulus and
Poisson’s ratio) occur in most equations des-
cribing the stress-strain state of a dislocated
solid.

In this paper, the elastic properties of four
wrought aluminium alloys (commonly desig-
nated 1100, 5083, 7005, and 7075) are reported
over the temperature range 300 to 4 K. These
properties include the longitudinal modulys,
Young’s modulus, the shear modulus, the bulk
modulus  (reciprocal compressibility), and
Poisson’s ratio. While the changes of the elastic
constants in this temperature range are only
moderate (4 to 13%), exact values of the elastic
constants are very useful design parameters,
permitting accurate calculations of deflections
for any combination of-stress and temperature.
Low-temperature elastic constants are also quite
valuable theoretically; they permit the calcula-

tion of the Debye characteristic temperature,
which is related in turn to a wide variety of solid-
state phenomena that depends on the vibrational
properties of solids.

"An ultrasonic (10 MHz) pulse-superposition
method was used for determining the velocity, v,
of a sound pulse propagated through the speci-
men. The elastic modulus, C, is then given by
C = pv?, where p is the mass density. Different
elastic constan.s were determined from different
modes of ultrasonic excitation. This method has
many advantages: small specimens are sufficient,
thus ancillary equipment such as probes and
dewars can also be small, and refrigeration costs
are low; specimens can have a simple geometry
and can be easily prepared; measurements caa
be made as nearly continuously as desired;
relative precision is high, about one part in 103
for the velocities; laboratory-to-laboratory varia-
tions of the elastic constants are typically a few
percent or less; and tests are completely non-
destructive.

Low-temperature elastic data for aluminium
alloys have two-fold interest. First, the elastic

constants provide basic information about

interatomic forces. Second, the same numbers
are essential design parameters for stress-bearing
members. Data given here permit the load-
deflection behaviour of the alloys to be accurately
predicted between room temperature and liquid
helium temperature. Accurate elastic data

*Present address: Dow Chemical USA, Rocky Flats Division, Golden, Colorado, 80401

© 1975 Chapman and Hall Ltd.
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become especially important in applieations
involving high stresses. large structural parts, or
precision parts,

2. Materials

Aluminium alloy 1100 is commercial quality
aluminium. It has good corrosion resistance, high
electrieal and thermal conductivities, high due-
tility. but low strength properties. Strength can
be improved somewhat by strain-hardening
withot t significantly decreasing other properties.
The main impurities in this alloy are usually iron
and silicon.

Aluminium alloy 5083 is ¢, raeterized by good
welding properties and L, good corrosion
resistance in marine environnient, Magnesium is
the major alloying element and, along with
manganese. produces a moderately strong, yet
ductile alloy, whith does not respond to heat-
treatment. The strength properties of 5083
improve with lower temperatures. The main
advantage of SO8I seems to be its welduability:
welds as strong as the base metal can be obtained.
Currently this alloy is being used in a number of
applications involving the manufacture, transfer,
and storage of liquelied natural gas: these
applications require many millions of kilograms
of material.

Aluminium alloy 7005 iy a heat-treatable alloy
containing zin¢ and magnesium.  which are
balunced to  obtain a natural-ageing alloy.
Chromium is added to reduce corrosion of the
heat-alfecied weld zones, and  zirconium is
added 1o reduce weld cracking and to improve
mechanical properties.

Aluminium alloy 7075 contans zing as the
major alloying clement, together with o small

TABLE I Compositions ol the alloys, mill analyses, wt”

percentage of magnesium. This alloy can be
precipitation-hardened to produce hig<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>