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SUMMARY 

f 
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 

ii support of the development of superconducting machinery.  Th - prog/ram is 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, electrical and magnetic.  Effects of processing 

and fabrication are also considered for some properties; weld and braze-jolnt properties 

are included.  Tensile and compressive properties at H < of selected composite materials 

are presented. 
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Table 1.  Organizational Contacts, ARPA Low-Temperature 
Properties of Structural Materials 

Advanced Research Projects Agency, 1400 Wilson Blvd., Arlington, Virginia 22209 

Program Director Edward C. van Reuth     202-694-4750 
694-4750  (FTS) 

National Bureau of  Standards,  Cryogenics Division,  Boulder,  Colorado  80302 

Program Manager 
Fracture,  Fatigue 
Elastic 
Thermal Conductivity 
Magnetothermal Conductivity 
Composites 

Richard P. Reed 
Ralph L. Tober 
Hasseil M. Ledbetter 
Jerome G. Hust 
L. L. Sparks 
Maurice B. Kasen 

303-499-1000 
323-ext. (FTS) 

Battelle, Columbus Laboratories, 505 King Avenue, Columbus, Ohio 43201 

Program Manager 
Mechanical Properties Data 
Thermal Properties Data 
Magnetic Properties Data 
Physical Properties Meas't. 

Kenneth R. Hanby 
Kenneth R. Hanby 
Kenneth E. Wilkes 
J. Ken Thompson 
Frank Jelinek 

614-424-6424 
941-8045 (FTS) 

Ext. 3870 
Ext. 3421 
Ext. 3443 
Ext. 3733 
Ext. 3612 
Ext. 3558 

Ext. 1784 
Ext. 1784 
Ext. 3489 
Ext. 2612 
Ext. 1735 

Westinghouse Electric Corporation, Research & Development Center, Beulah Road, 
Pittsburgh, Pennsylvania 15235 

Program Manager 
Joining & Processing 
Fracture Mechanics 
Magnetic Measurements 
Metallurgy-Fractography 

Joseph M. Wells 
Joseph M. Wells 
William A. Logsdon 
Michael R. Daniels 
Ram Kossowsky 

412-256-7000 
412-256-7000 
412-256-7000 
412-256-7000 
412-256-7000 

Ext. 3467 
Ext. 3633 
Ext. 3652 
Ext. 7267 
Ext. 3684 
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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 the'ie 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 

' y compiling and publishing existing data; and (4) to assess which materials and properties 

n^ed 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 fracture 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 emphasis was 

placed on meeting Department of Defense materials needs. 

A major new materirls conference, the International Cryogenic 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. 

■ 
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Table 1.     Outline ot: Third-Year AKPA-Spunsored Program on 

Materials Research for Superconducting Machinery 

!' 

Program Arejj 

A, Mechanical Properties 
1.   Fracture and Fatigue 

Organization 

NBS,Cryogenics 

Westinghouse 

Effects ui Processing and Joining 

a.   Pronsuing Westinghouse 

Joining Westinghouse 

3. Elastic i'i opert i ei NBS,Cryogenics 

Program De'.criptlon 

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, magiietic, 
electrical loss characteriza- 
tion of alloys proposed for use 
in DOU-sponsored programs. 
Mechanical 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 
Inhomogene 1ti es. 

Mechanical properties of 
fabricated metal joints, 
including welding (GTAW, EB, 
GMAW), brazing, and soldering 
from 4-300 K.  Properties 
include tensile, notched 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; 
4-300 K; structural alloys and 
composite materials. 

.....i.»...-.!..'.!   i—wBm*1 "im. —^ ', ■ ■ _ ■V/W1 ,' s-r 



Program Area 

B. Thermal Properties 
4.  Thermal Expansion, 

Specific Heat 

Organization 

Battelle 

Program Description 

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

Thermal-Magnetothermal 
Conductivity NBS,Cryogenics Thermal conductivity and 

thermal conductivity In 
magnetic fields up to 50 
kllogauss from 4-300 K of 
structural alloys and com- 
posites. 

- / 

\ 

C. Composites 
6.  Evaluation of Advanced 

Composites NBS,Cryogenics 

D. Data Compilation and Evaluation 
7.  Handbook Battelle 

Workshop Meeting NBS,Cryogenics 

Screening tests (tensile, fatigue 
at 4 K) on selected candidate 
metal and non-metal base 
composites. Including B-epoxy, 
C-epoxy and polylmlde, PUD 
49-epoxy, borslc-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 agencies and 
uieir contractors. 
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Tabl'; 3. Materials Ob.iectives 

PROPERTIES 

Fracture Toughness, 
Fatigue Crack 
Growth Rate, Tensile 

Fatigue 

Elastic 

Thermal Conductivity 

Thermal Expansion 
and Specific Heat 

Magneto-Thermal 
Conductivity 

STRUCTURAL 

Magnetic 

21-6-9(NBS,W) 
inc 718(W) 
AISI 310(NBS) 
Low Expan Fe-Ni (W) 
Al 2014, 2219(NBS) 
A236(W) 

A1S1 304(M) 

COMPOSITES FERROMAGNETIC 

Fe-49Ni(NBS) 
Fe-Ni-Co(NBS) 

B/epoxy(NBS) 
B/A1(NBS) 
C/epüxy(NBS) 
K-49/epoxy(NBS) 
S-glass/epoxy(NBS; 

21-6-9(NBS) 
Al 2014, 22191 NBS] 

Ti-6A1-4V(B) 
T1-5Al-2.5Sn(B) 
Inconel 600,706(B) 
Hastelloy B,C(B) 
Pyromet 680,860(8) 
Invar(B) 

AISI 304(NBS) 
Ti-6A1-4V(NBS,J 

1100 A1(N8S) 

B/A1(NBS; 

Inc 718(W) 
Low Expan Fe- il(W) 

B/A1(NBS) 
G/A1(NBS) 

S-glass/epoxy(B) 
C/epoxy(B) 
Kevlar/epoxy(B) 
B/A1(B) 

SUPERCONDUCTING 
MAGNET 

HIGH STRENGTH 
HIGH CONDUCTIVITY 

PD-135{W; 

Fe-49Ni(NBS) 
Fe-Ni-Co(NBS) 

Fe-Ni-Co(NBS: 
Fe-49Ni(NBS) 

Fe-49Ni(NBS] 

AISI 410(W) 
Fe-9Ni(W) 
Fe-78Ni(W) 
Fe-3Si(W) 
Armco Fe(W) 

Potting Compds 

(B) 

NbTi(MBS) 
CuSn(NBS) 
CuNi(NBS) 

■ '0 

Pn-135(W) 

mfVWm'.''"- 
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HIGHLIGHTS OF RESULTS 

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

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

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

as follows: 

The Handbook on Materials for Superconducting Machinery was published in 1974.  The 

second edition of the Handbook was published in December of 1975.  It included approximately 

eighty materials and approximately thirty mechanical and physical properties. 

A variety of mechanical properties have been studied for six different composite 

materials at low temperatures. 

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

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

Elastic constants at low-temperatures have been determined for about thirty engineering 

i\ alloys and a composite. 

Magnetothermal conductivities, including thermal conductivities have been measured at 

low temperatures for ten materials,and the electrical conductivities of some of these 

materials have also been measured. 

Thermal conductivity measurements on six additional structural materials, including 

a boron-epoxy composite, have also been made. 

Fatigure-crack growth-rate data and fracture toughness data have been determined for 

about twenty-five important structural  alloys and weldments.  Also, conventional fatigue 

data were obtained for five alloys.  For most of these materials, the usual tensile proper- 

ties—elongation, reduction in area, yield strength and ultimate strength — were also 

obtained. 

A new major material conference, the International Cryogenic Materials Conference 

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

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

To facilitate information exchange, expecially between researchers and designers, 

a third workshop will be held In Vail, Colorado in April, 1976. 
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HANDBOOK 

One of the iiDportaut outputs of this program is the Handbook.  In one voiume, It col- 

lects information, includin,; data 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 

1Ü00 references to the experimental literature.  The principal reference sources were the 

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

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 197A) MCIC - HB - 04 and its supplements. 

• .4 
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FOREWORD 

Tibs research 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 Program 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 daia compilations will be produced 

as the second Revision of the "Handbook; on Materials for Superconducting Machinery". 

Task II provides for determination of thermal expansion and specific heat values at cryogenic 

temperatures for selected structural alloys.   The Semiannual Technical Report on the latter 

program is presented under separate cover.   Overall contract funding was S90,000 with 

S60,000 for the handbook program and S30.000 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, either 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 and 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 for 

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. 

OUALITY CONTROL 

The all-source search is taming up data of varying reliability with respect to 

precision, accuracy, pertinence, and validity.    For convenience, each document screened 

on this project is evaluated and put into one of the three categories listed in Table 5. 

■"■' -—*.-#^'. •^'»."■gA^T"~~3 



■nmwm. 

I 

H ■I 

Quality is being maintained initially by using only data from Category I sources.   After 

Category I sources have all been exhausted, remaining information gaps will be filled 

insofar as possible with data from Category II sources (including handbooks).   The 

latter will identified explicitly in the handbook as lower quality data.   ThroughouT, 

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 handbook 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 — essentially as given in type. 

Nominal fiber volume fraction 

Nominal ply thickness 

Nominal density 

Comments — includes condition for metal matrix composites. 

-i_ -*i  ., ^_. ;,■-,.,,■■■ * T—""".'.^I'j'gy'v ^m'. "^gr-Sai 
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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: 

• Tensile proportional limit replaces yield stress 

• Two moduli are included for each fiber orientation (Ei and £3) 

• Stress level at which modulus changes from Ej to ET is given 

• Compressive, impact, thermal, and electrical properties for sheet normal are 

are included 

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

Data for weldments can be accommodated by the easting format; however, a few 

additional parameters must be specified over those required for parent metal only.   Type 

of weld (TIG, M1G, 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 welding is given.   In addition, 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 

TpprT. ■weld r 
1    1 

l^-l 

Transverse 

1 fei j 
1 V\ i 

Longitudinal 

.'■»1 

All weld metal 

■ 'i,.      ' '<*. 3SBie«Hfe.-».;5r -«^^■i?^ 
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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: 

weld    ^. 

_jö.=r 

-«—weld       -#• 

111 1   ,1 

I'-I.V 
Wt ^^ ^ 

„Tell. 
i|Mi 

TröI^I 

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. 

" ■II111 "' '"'■ ■ ."■■'. . 
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Tlie following handbooks, or data collections, have been examined, and secondary 

data useful fur 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) 
Aerospace Structural Alloys Handbook (MPDC) 
NBS Monograph 13 (1960) 

The latest semiannual report for this program has been examined, and pertinent data 

extracted. 

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. 

A few data sheets for actual inclusion have been completed. 

Dr. Kasen has already completed and forwarded to Battelle data sheets for incor- 

poration in the handbook covering eight specific composite types, as follows: 

Class 

Glass - Epoxy 
Glass - Epoxy 
Glass - Epoxy 

Boron - Epoxy 

Boron - Epoxy 
Graphite - Epoxy 

Graphite - Epoxy 

Boron - Aluminum 

Type 

181/Epon 828(CL) 
1581/E-787 (58-68R) 

S-901/NASA Resin 2 
4.0 mil Boron/2387 
5.6 mil Boron/2387 
AS/NASA Resin 2 

HT-S/X-904 

5.6 mil Boron; 6061 

* ,5 I 
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HANDBOOK ON MATERIALS FOR SUPERCONDUCTING MACHINERY- 
3rd Edition (2nd Revision) 

TABLE 1.   MATERIALS SCOPE 

1 

Aluminum and Magnesium Alloys 

99.9% aluminum 

E C aluminum 

1050 
1100 

2014 

2024 

2219 

5083 

5456 
6061 

7005 

7006 
7039 

AZ31B 

Copper and Copper Alloys 

99.96% Cu 
Electrolytic   tough pitch 

OFHC 

Phosphorized 

90Cu-10Zn 

80Cu-20Zn 

70Cu-30Zn 
90Cu-10Ni 

80Cu-20Ni 

70Cu-30Ni 

Cu-Be (1.6-1.8) 

Cu-Be (1.8-2.0) 

95Cu-5Sn 
92Cu-8Sn 
90Cu-10Sn 

Cu-0.2Zr (Amzirc) 
Cu-0.4Cr-0.4Cd (PD-135j 

Cu + O.2AI2O3 
Cu + O.7AI2O3 
Cu + I.IAI2O3 
Aluminum Bronze 

Nickel and Cobalt and Their Alloys 

High purity nickel 

Nickel "A" 

K Monel 

Inconel 600 

Inconel X-750 

Alloy 718 

Inconel 706 

Invar 36 

Ni-Span C 

unnamed Inco LEA alloy 

Steels and Iron Alloys  

3Ni Steel 

5N1 Steel 
9Ni Steel 

18Ni (200) Maraging Steel 
Transformer Steel 

1010 Steel 
Armco Iron 
Fe(47-50)-Ni 

Stainless Steels  

AISI 301 

AISI 303 

AISI 304 

AISI 304L 

AISI 310 

AISI 310S 

AISI 316 

AISI 321 
AISI 347 

AISI 410 

AISI 416 
A-286 
Kromarc-58 
Armco 21-6-9 

Armco 22-13-5 

l-.-' I!"1.. nm: •J^FZ 
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Materials Scope (cont.) 

Titanium and Titanium Allovs Composites 

Ti-65A 
Ti-75A 
Ti-5Al-2.5Sn 
Ti-5AI-2.5Sn (ELI) 
Ti-6A1-4V 
Ti-6A1-4V (ELI) 

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

Poly m eis  

t 

Special Metals and Alloys 

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

Polyethylene 
Polychlorotrifluoroethylene 
Polytetrafluoroethylene 
Polymethylmethacrylate 
Polystyrene 
Polyvinyiacetate 

mmmmmmmimmmmmmmmmmmuimHmmmHKBBtHKBUB 
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TABLE 2.   PROPERTY SCOPE 

Mechanical Properties 

Tensile 
Ultimate, yield, elongation, reduction in area 
Elastic modulus, Poisson's ratio 
Notch tensile strength 

Compressive 
Ultimate, yield 
Elastic modulus 

Shear 
Ultimate 
Shear modulus 

Impact 
Charpy V-Notch 
Izod (polymers only) 

Fracture Toughness 

Klc KiE' JIc 

Fatigue (Axial and Flexure) 
S-N Curves 
da/dN Curves 

Flexure 
Ultimate, yield 
Elastic moduli 

polymers only 

Thermal and Electrical Properties 

Thermal Conductivity 
Magnetothermal Conductivity 
Thermal Expansion 
Specific Heat 
Electrical Resistivity 

n 

Magnetic Properties 

Susceptibility 
Permeability 

—.vi'mm&m&i.'vJi 
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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 handbooks, state-of-the-art reports, and conference 
proceedings) 

Private communication 

I 
TABLE 4.   ACCESS TO DATA 

Information Centers 
NBS Cryogenic Information Center 
Metals and Ceramics Information Center (MCIC) 
Defense Documentation Center (DDC) 
Thermoplysical and Electronic Properties Information 

Analysis Center (TEPIAC) 
Copper Data Center 
Iron Information Center 
Plastics Technical Evaluation Center (Plastec) 
Mechanical Properties Data Center (MPDC) 

1 

Indexing and Abstracting Services 
Chemical Abstracts 
Metallurgical Abstracts 
Engineering Index 
Nuclear Abstracts 

Machine searchable 
tlirough MCIC 

*i 
■ 
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Criterion 

Precision 

Accuracy 

Pertinence 

Validity 

10 

TABLE 5.   CATEGORIES OF SOURCE DOCUMENTS 

1     contains data that meet precision, accuracy, pertinence, 

and validity criteria as specified below 

II     a review (IIR); or contains data not meeting the 

criteria as specified for category I - (1ID) 

HI     contains no pertinent data — reject 

Category I Category II 

Tabular data on properties other than 

fatigue and graphical S/N or da/dN 

data 

Data for which form, condition, speci- 

men thickness and number of specimens 

per value are given 

All tabular data for room temperature 

and below, where lowest test tempera- 

ture was 77 K or below.   Data from 

references not older than 1950 

Valid Kic data.   Jic data based on 

compact specimens 

Graphical data (except fatigue 

data) 

Data for which any of the param- 

eters required for Category I are 

not specified* 

Invalid Kic data.   Jic data based 
on other than compact specimens 

*-This criterion is not inviolate.   It has been overlooKed occasionally for mechanical 
properties and regularly for thermal and magnetic properties data. 

•»-References containing no data for temperatures below 77 K and pre-1950 refer- 

ences are put in Category III - reject. 

I 
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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 Battelie-Columbus Laboratories with F. J. Jelinek (514-424-6424, 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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TECHNICAL REPORT SUMMARY 

The development of superconducting electrical machinety requires 

the suitable engineering property characterization of all candidate materials 

at cryogenic temperatures. This program involves the determination of 

thermal expansion and specific heat for several structural tuaterials in the 

cryogenic temperature region (4.2 Co 300 K). 

Materials selected for this study period were supplied through 

the cooperation of Weatinghouse R&D and the National Bureau of Standards. 

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 dilatometar with a linear differential transducer as the dilatometer 

head. The accuracy of the measurement is 1 percent. Specific heat at low 

temperatures is measured to 1 percent by adiabatic calorimetry from a method 

developed by Nemst.  In this method, small increments of heat are supplied 

to a thermally insulated sample, and the accompanying temperature increase 

is measured. 

In this reportinj period, thermal expansion characteristics of eight 

materials were determined in the temperature range 77 to 300 K. The 

specific heats of two new materials were also measured. 

t 

M in 

I l\ 

PROGSAM PROGRESS 

PiRT I.  THERMAL EXPANSION 

Introduction 

i 

r 

» 

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 furnished 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 '-sed. 



TABLE 1. LIST OF THERMAL EXPANSION SPECIMENS 
INCLUDED IN THIS REPORT 

COMPOSITES 

5.6 Mil Boron/5505 Epoxy 

Type "AS" Graphite/NASA Resin 2 

5.6 Mil Boron/6061 Aluminum 

S-901 Glass (20 End)/NASA Resin 2 

Fiber Vol. Frac. 50 % 

Fiber Vol. Frac. 60 % 

6061-F Temper 

Fiber Vol. Frac. 60 % 

ALLOYS 

NITRONIC 33 ST/FC 

NITRONIC 33 STQ 

Ti-6A1-4V -      ANNEALED 

A-286 ST 

"'ifM%sti..%>wwm*.. 
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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.  LQW-TE^IPERATURE SPECIFIC HEAT 

Least-Squares Fitting of Low-Temperature 
"""'      Specific 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 

3 
=■ YT + ßT 

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 0 and consequently, 9p. 

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 metallic 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 coefficients are generated. Using the terms in T and T 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 expression. 

As sources of Y and 9 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. 

102ai 

EXAMPLE OF tlULTI-TERll LEAST SQUARES FITTING OF SPECIFIC HEAT DATA 
FOR A METALLIC SAMPLE (IN THIS CASE A BORON-ALUMINUM COMPOS'lTE) 

C = aiT + 03T3 + a^T4 + asT5 + a6T
6 + a7T7 

(J/kg-degn) 

10^3 106ai 108a< 108af 
ilO, 10iUa7 

2.65 4.98 

i 

\ 
I  • 

2.83 4.40 2.99 

2.58 6.01 -15.49 54.47 

2.80 4.64 9.35 

2.73 4.37 14.15 -131.45 3 90 

2.61 6.39 -36.44 369.14 -18. 28 36.53 

2.67 5.06 - 19.28 4.90 

ä^mm mm 
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Low Temperature Specific Heat of 
Metallic Alloys 

In 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 + gT3. 

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 

reports, I and IV), have calculated average molar weights and hence Debye 

temperatures (from the measured lattice specific heats) for 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 

selected temperatures are listed in Table 5 (in the 4-20 K range). 

Low-Temperature Specific Heat of 
A Glass-Epoxy Composite 

The specimen studied here was a sample of a glass-epoxy por.ting 

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. 

jyi The experimental data were fitted to numerous polynominal expansions, 

after which it was decided that the four-term expression 

G = al (lüY *2  (lü)  + a3 fe)  + a'4 KW 

gave the best description. The values of the polynom.lnal 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 thi^ case. 

i,  n«HI 1  "■ m  I»MPII.»MWI! «I1» 
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TABLE 6. LOW-TEMPERATURE SPECIFIC HEA.T COEFFICIENTS FOR 
A GLASS-EPOXY COMPOSITE 

C • ci(—) + a 
X \2 .   /'TV ,   (T 

10 

Coefficient 
Value   (J/kg-degn) 

below 10K above  10K 

«1 -1.81 ± 0.14 

9.48 ± 0.46 

1.99 ± 0.45 

■1.05 ± 0.13 

-1.81 ± 0.05 

9.48 ± 0.15 

1.99 ± 0.15 

-1.05 ± 0.04 

aitimm —,. —■..■....    -'■ ■"!..
i^wi.i<jCTgapito-v '^J 
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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. 

TABLZ 7.  LOW-TEMPESATURE SPECIFIC HEAT OF A GLASS-EPOXY 
COMPOSITE AT SPECIFIED TEMPESATURES 

Temperature (K) Specific Heat, C (J/kg-deg) 

*4   M 

.■<4 

4.0 

5.0 

10.0 

15.0 

20.0 

0.89 i 0.15 

1.65 ± 0.25 

8.6 ± 1.2 

20.0 ± 2.2 

33.4 i  5.1 

■ 
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Specific Heat of A 3oron Reinforced 
Alumirum Composite 

Low-Temperature Specific_Heat_ 

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

composite were fitted to the following expressions 

G = QNT + Qf-T" 

and C ■ a.T + ^T3 + a5T
5 + a7T

7 

The results of so doing, expressed in terms of the regression coefficients, 

a  , are summarized in Table 3.  Finally, in Table 9, are presented 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 1-27,) in the fitted specific het't values. 

Intermediate-Temüerature Specific Heat 

Specific heat data for temperatures near 80 K and 300 K, respectively, 

are presented in Table 10. Straight lines fitted to each cluster of three (G,T) 

datum points were extrapolated 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 11. 
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TABLE 8.  LOW-TEMPERATURE SPECIFIC HEAT COEFFICIENTS 
FOR BORON-ALUMINUM 

\ 

C  = aiT + a3T3 + asT5 + a7T7 

Value 

JT1,    — 

(J/kf: ;-degn) 

Coefficient 2-tenn fit 4-term fit 

«1 (2.65±0.02) X 10"2 ( 2.67±0.03) X 10'2 

«3 (4.98±0.02) X ID-4 ( 5.06±0.07) X 10"4 

^5 (-1.93±0.45) X 10"7 

a7 ( 4.90±0.75) X 10"10 

v 1^ 

i 

_     _. mmätämäiJmimmm --•   '  ■'* . 
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TABLE 9.  FITTED LOW-TEMPERATURE SPECIFIC HEAT OF BORON-ALUMINUM 
AT SPECIFIED TEMPERATURES 

Temperature (K) 

4.0 

5.0 

10.0 

15.0 

20.0 

Specific Heat, C (J/kg-deg) 

2-term fit 

0.138 t 0.002 

0.195 ± 0.005 

0.763 ± 0.046 

2.08    ± 0.16 

4.51    ± 0.38 

4-term fit 

0.139  ± 0.002 

0,196 ± 0.003 

0.759  ± 0.015 

2.05    ±0.08 

4.59    i 0.30 

mmm " "'&Hfi>mi'*kX' i9KM^ '^2 
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TABLE 10.  MEASURED SPECIFIC HEATS OF A BORON-ALUMINUM COMPOSITE 
AT TEMPERATURES NEAR 80K AND 300 K RESPECTIVELY 

Temperature 
(K) 

78. 71 

79. 26 

79. 81 

296. 61 

297 01 

297 46 

Specific Heat 
(J/Kg-deg.) 

200 

200 

206 

944 

962 

977 

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

Temperature 
(K) 

80.0 

300.0 

* Ständard errors are indicated. 

Specific Heat 
(J/kg-deg.) 

206 ± 2 

1076 ± 1 

mmm ~mmm*m 
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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). 

Lew-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, 9D, of 1219 KvD.  Another 

reported value is 1220 K^2), 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 

Al 

B 

J/Kg-dg2 

0.0504 

Unknown 

K 

426 

1220 

M 

26.9815 

10.811 

wgt % 
10^6     Present (100 f) 

9.320 49.1 

0.990     Assume balance 

1 

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

<ß> - fß^ + (1-f) ßB 

- 5.08 x lO"4 J/kg-deg4 

in excellent agreement with the measured value (4-term fit. Table 8) of 

5.06 x 10"4 J/kg-deg4.  In addition, a y for boron may be derived from 

YAI and <Y> (measured) using the expression: 

(1) H. L. Johnston, et al. , J. Amer. Chem. Soc, 73, 1112 (.' ^51) 
(2) E.S.R. Gopal, "Specific Heat at Low Temperatures", Pltnuffl N.Y., p 33,(1966) 

liilhiMiiiiiiaii   " ^'t» iMflfe. >*..*-_ Mt^ltoKf 
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<Y> - fy Al 
(1-f) 

0.38 x lO"2 J/kg-deg2 

| 

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

to a heavily doped semiconductor. 

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

we have the following data 

Metal   Temperature   J/kg-deg 

Al 

B 

RT 

300 K 

904.1 

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 coucJ -ide that the lav^s of mixtures are valid for computing 

the specific heats of composite materials from the values appropriate to 

the individual constituents. 

I 
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Abstract 

Results are reported of a six-month study, ending March 1976, on candidate materials 
for superconducting machinery. The results cover five areas—advanceü 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 nicke1-chromium-iron 
alloy; iron-47.5 nickel; and the composite materials boron/aluminum, boron/epoxy, S-glass/ 
epoxy; graphite/epoxy.  Some notable results of une study are:  first reports of compussive 
rmchanical 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 is magnetic; none of 
the mechanical properties of the nickel-chromlum-iron alloy tested were effected del'steri- 
ously by cryogenic temperatures; in aluminum alloy 2219, Jic and Kjc are not equiva^n.nt 
because of sub-critical crack extension; both electrical and thermal conductivities of 
aluminum alloy 1100 are reduced by magnetic fields. 

I! 

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; iron 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 with regard to application in superconducting 
machinery is based on properties reported in the 2  erature, and must be regarded as 
preliminary and tentative.  In no case does sucv    ction imply recommendation or 
endorsement by the National Bureau of Standards     does it imply that the material 
or equipment is necessarily the best available i./i  ic purpose. 
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Summary;  Advanced Composites 

Phase II of the experimental program has been completed.  This report 
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 2epoxy. 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 
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The use of trade names or designations in this paper is essential to 
proper understanding of the work presented.  Their use in no way implies 
approval, endorsement, or recommendation by NBS. 
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1.0  Review 

Work on this project was initiated by preparing state-of-the-art reviews 
on the mechanical and thermal properties of structural composites at cryogenic 
temperatures.  A general review has been published(1).  More comprehensive 
reviews of glass-reinforced composites and of advanced-fiber (high-modulus) 
composites have been published(2,3).  A reprint of Ref. 3 is included in 
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 01 
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 chese data at cryogenic temperatures. Results have 
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. 

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

2.0 Phase II (Continued);  Static Mechanical Properties 
oi  Uniaxial Composites at cryogenic Temperatures 

2.1 Introduction 

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, devel°Pfdf°r cryogenic 
filament-wound pressure vessles(7).  It consists of Epon 828, D&A/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 from rod or bar type specimens 
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designed to fail in approximately 45° shear.  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 pall 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, M0S2 lubricant sprayed on the 
fixture during assembly serves as both a release agent for the end caps and 
as a lubricant between the compression blocks and alignment tube.  Extraneous 
frictional forces are typically 5-10 N (1-2 lb). 

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 
fixture in the cryostat previously described(5).  Helium consumption was 
typically 5-6 liters per specimen test. 

The desired 45° shear failure mode was reliably obtained after several 
iterations of specimen design.  The two final configurations are shown in 
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 
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. 

A longitudinally-slit tube, having an i.d, matching the o.d. of the end 
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° C in 50 + 10% relative humidity prior to 
testing.  The boron/6061 aluminum was tested in the as-fabricated condition 
(F temper) without additional conditioning. 

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

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 calculating ultimate strain 
and strength.  The inaccurccy 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 10° psi) is 
hardly realistic for a composite reinforced with 50 v/o of boron 
which itself has a modulus of about 379 GN/m2 (55 X 106 psi) .  Furthermore, 
preliminary studies of the alastic 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- 
spoxy 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/m2 (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 
thtir 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 
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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 composite by about 
30%. 

2.4  Conclusions 

Commercial, state-of-the-art borcn-6061 aluminum and boron-epoxy compo- 
sites have excellent static compressive properties at cryogenic temperatures. 
The compressive strength is particularly Outstanding, approaching 3.4 GN/m2 

(50 X 104 psi) in the uniaxial longitudinal direction at 4 K.  Transverse 
compressive strengths of 620 MN/m2 (90 X 103 psi) for boron-aluminum and 427 
MN/m2 (62 X 103 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 pro- 
perties at all cryogenic temperatures.  With a modulus of 206-240 GN/m2 

(30-35 X 106 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 
half 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 tensi'e strength, while the 
transverse compression strength is 100-200% greater thr.n  in tension.  Com- 
pressive moduli increase with cooling, attaining about 62 GN/m2 (9 X 106 psi) 
longitudinally and about 31 GN/m2 (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.  In 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 "loduli 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 end stacking. 
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Fig. 1.  Fixture for compression testing of composites at cryogenic temperature! 
(a) Specimen with end caps 
(b) Anodized aluminum compression blocks 
(c) Aluminum alignment sleeve 

v 

^^■^■r- » ■     '■'— -" ■ ■■"■*»i mmttosiäitMk'Sm.mr^r-iSSKS* 



^^mf^mmw^mmmfwmmm ^-wmm r»" 

1. V\mAX.K 

S«nMM.V 

Sf ^ vrwcvv 

pl 

e- 

M*-* 
-~l— 

■LSK 
\X1 1 

— T 

^.»s 

ÜU 

^^JT 
1 W«UM.«. © 

watÄVNV - k\*.\ ■**. •HUM*»* *«■*. 

UVV iivm«v<von^ «i\vo«»»tv stv cw\. 

»A^tMVkVf 

  



W!WiW 

\o^V CVatiiV "«.O^*\V*T ««A ivv\\, 

U.XX ^v\V*A^«A.>Wm^ 

vn 

® 

\®- 

@ 

.7^ c»utv\,«r<v«V..— ."W Aw-f 

.<^H 

_i  

■VftN 

i_ 

m _|_ „t—r .»vT  \.n 

© 

BTä <V\o<»»tv vrv OWN. 

® 

XX.T 

4. "r 

xr.r 

AA 

® 

® 

Jl  

I < 
\ 

Pin  2   Drawing of fixture for compression testinn of 
Flq-    composites at cryogenic temperatures. 

LO 

---■ill' */< •■,~-^*i.rr-  —^.. r—^ 
■ ^„.,   .y. 



\ 

- \ 

Pi 
1  ^ I r». % 

11 

e 
- 12.7 

B 

T 
1« I 

100(L) 
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ri^ 

/-Mill slot 3.57x42mm long 

3.56x5.0x42mm aluminum   ^ 

strip. Epoxy in place, both 

sides of specimen. 

Mschine round. 

k3.56° 
50(T) 

12.7 

3.1IDH 

#304 Stainless Steel 

K 

3.19 mm drilled hole, 

42 mm deep. Epoxy 

specimen as shown. 

SBil-TS 

JJ ~\ 100 
r     16 
 i 

LL 

118 

Fig, 

Aluminum 

a *      b 

All dimensions shown in mm. 

Specimen configurations used in determining static com- 
pressive properties of composites at cryogenic temperatures 
(a) Square specimens for glass-epoxy, graphite-epoxy 

and transverse boron-aluminum and boron-epoxy. 
(b) Round specimen for longitudinal boron-aluminum 

and boron-eooxy. 
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Table 1.  Composites Tested in ComDression 

Composite Type (cm) 

5.6 mil Boron-6061 Aluminum 0.373 
(condition F) 

5.6 mil Boron-5505 Epoxy 0.345 

S-901 Glass-NASA Resin 2 Epoxy 0.462 

Type AS Graphite-NAS7. Resin 2 Epoxy    0.366 

Average 
Nominal      Fiber 

Plate Thickness Ply Thickness  Volume 
(in)   (cm)    (in)   Percent* 

0.147 0.0175 0.0069 47 

0.137 0.0170 0.0067 52 

0.182 0.0206 0.0081 66 

0.144 0.ul93 0.0076 64 

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

Temperature 
(K) 

295 
295 

76 

4* 

295 
295 

76 
It 
76 

Table 2.    Compressive Properties of 5.6 mil Boron-6061 Aluminum Comooslte"  (Individual Specimens) 

Yuung'a 
(109   "/in. 

Modulua 
2)       (1 

221 32.0 
293 42.5 

311
L 

45.1 
407'" * 59.0 

335 c 48.6 
337 L 48,8 
302 L 43.8 

ISO 
IH 
107 

101 
89 

I'U 

123 
H 
m 

21.2 
27.0 
15.5 

14.7 
12.9 
14.6 

17.8 
13.0 
13.1 

ProDortlonal Llmi^ 
(108 N/m2) 

0.588 
0.545 
0.594 

0.833 
0.818 
0.967 

1.13 
1.11 
1.01 

no- p«l) 
0.2Z Yield Strength, a^ 
(108 N/m2)  (lO3 p«l) 

Longitudinal (0°) 

Transverse (90°) 

8.53 
7.07 

8.61 

12.1 
11.9 
14.0 

16.4 
16.0 
14.6 

1.43 
1.43 
1.03 

1.95 
2.06 
1.99 

2.82 
2.44 
2.39 

20.8 
20.7 
15.0 

28.4 
30.0 
28.9 

40.9 
35.3 
34.7 

>Squara spacifflans axcapt as marked. 
"Round specimen. 
[; Estimated from atrip-chart recording. 
11 This Is the only boron-slumlnu» ipaclaan that «as load ryclad. 

Undarllnad value, represent Invalid fracturas. 

* Its taxt discussion on validity of thaa« values, 

Ultimate Strength, Ocu 

(10° N/m2)   (lO3 psi) 

8 
m 

28.7 416 

28.5 
26.0 
32.6 

413 
377 
473 

2.60 
2.94 
2.59 

37,7 
36,8 
37.5 

4.56 
4.45 
4.50 

66.2 
64.6 
65.3 

6.56 
6.29 
5,83 

95.1 
91.2 
84.5 

Ultimate 
Strain, €<■" 

 (») 

U,7 

0.5V 

0.6' 
0.5' 
0.7C 

0.4V 

0.4' 
0.5' 

0.6' 
0.8' 
0,9' 

0,7' 
1,2' 
1,0' 

U 
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" i.u»[.te.»ive rropertie« or 3,B mi Motm-ivn Bpoxy Comiioalt« (Indlvl<lu«l üpaclMtii) 

Temperature 
(K) 

295a 

295b 

76" 
76a 

2il5a 

295a 

295* 

76« 
76« 
76» ;„'• 
76l> 

«b 
4b 
4b 
4b 

Elastic  Mudulut,   E 
(lO9 N/V)        (106 pal) 

IM 
l')il 

260 

225 
234 

257 

291 

20.9 
13.3 
20.0 

.22.4 

38.7 
39.0 
37.7 
39.5 
41.4 

42.8 
37.8 
41.3 
39.4 

27.0 
27.6 
37.7 

32.6 
33.9 

34 .7 
37 ,3 
33 .7 
42 .2 

3 03 
2 Oi 
2 90 
3 24 

i 62 
i 64 
s 46 
5 74 
S 99 

6 U) 
5 49 
3 9» 
5 71 

Proportional Limit, o Pi 
(10» »/mh 

0.395 
0.975 
0.715 
0.790 

2.31 
1.96 
1.66 
2.72 
3.38 

(lO3 pal) 
0.2X Yield Strength, oclr 

(108 N/m2)  (103 pal) 

Longitudinal (0°) 

5,7 
14.1 
10.4 
11.4 

33.6 
28.6 
24.1 
39.5 
49.0 

Tranaverse (0°) 

1.78 

1.79 
1.80 

25.8 

25.9 
26.1 

Ultimate Strength, 0 
(108 N/m2) 

2.27 
1.41 
2.10 
1.96 

4.23 
3.84 
1.80 
4.56 
4.36 

4.24 
1.67 rrr 
4.08 

UO3 pal) 

171 
186 
204 

)]! 

CTT 

m 
175 
lit 
ill 

32.3 
20.5 
30.5 
28.4 

61.4 
55.6 
26.1 
66.2 
63.1 

61.4 
24.2 
65.5 
59.2 

a Rectangular apeclmen. 
^ Square apeclmen. 
( Round apeclmen. 

**  Eatlmated from strip-chart recording. 

Underlined values represent invalid fractures. 

Table 4.  Compreaalve Properties of S Glaas-NASA Realn 2 Compoalte {Individual Soeclmena) 

' Eatlmated /rom strip chart recordln». 

All square specimens 

14 

Ultimate 
Strain,  r^u 

 QU  

0.8 
0.6 

1,1 
£] 

0.4d 

0.* 
0.6d 

1,6 
1.6 
1.2 
1.4 

1,1 
0.5 
0.5 
1.5 
1.1 

1.1 
CM 
1.1 
0.9 

Temperature 
(K) 

Elastic Ho 
(10' N/m2) 

lulua, EC 

CIO' pal) 
ProDortlonal 
d08 N/m2) 

Limit, npl 

(103 pal) 
11.27.  Yield St 
do8 W) 

rength, ocy 

dO3 pal) 
Ultimate St 
(108 N^) 

rength, ocu 

(103 pal) 
Ultimate 

Strain, ccu 

(X) 

..ongl tudlnal (0°) 

295 
295 
295 

40.4 
59.2 
53.2 

5.87 
8.44 
7.71 

1.36 
0.93 
3.14 

19.8 
13.. 
45.6 

4.72 
5.62 
4.75 

68.5 
81.6 
68.8 

1.2 
1.3 
0.9 

76 
76 
76 
76 

69.7 
64.2 
72.5 
48.6 

10.1 
9.3 

10.5 
7.0 

1.78 
3.24 
3.07 
4.47 

25.8 
47.0 
44.4 
64.8 

7.32 
9.87 

7.03 

106 
143 

102 

16.5 
11.4 
10.1 
14.0 

219 
195 
150 
201 

3.0 
2.5 
1.5 
2.5" 

4 
4 
4 

53.8 
63.0 
64.7 

7.81 
9.13 
9.38 

2.44 
3.81 
3.11 

35.3 
55.2 
45.1 

Trana 

9.08 
7.56 

varae (90°) 

112 
110 

14.1 
15.4 
11.1 

204 
224 
190 

1.5 
2.6" 
1.8a 

295 
295 
295 

11.7 
12.3 
9.8 

1.70 
1.78 
1.42 

0.550 
0.110 
0.422 

7.97 
5.51 
6.12 

0.733 
0.753 
0.701 

10.6 
10.9 
10.2 

0.962 
0.915 
1.052 

11.9 
13.6 
15.3 

3.4 
2.6 
1.4 

76 
76 
76 

19.8 
26.0 
22.7 

2.87 
3.77 
3.29 

0.92 
1.31 
1.19 

11.4 
19.0 
17.2 

2.35 
2.(4 
1.11 

34.0 
41.2 
45.1 

0.7 
1.1 
0.9 

* 
* 
* 

27.2 
39.4 
27.3 

3.95 
5.71 
3.96 

2.76 
2.99 
2.11 

40.0 
41.4 
10.9 

1.1 
0.8 
0.7 
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Table  5.     Compreselve Properties  of Type AS Graphite-NASA Resin  2  ramooslte   (InfitviHual Specimens) 

J 

Tt-mperature 
<K) 

Elastic M 
(105 N/m2 

jdulus, E0 

(106 p»t) 
Progort .mal Limit, opl 

(103 psl) 
0.2% Yield St 
UO8 N/m2) 

rength, ocy 

(103 psl) 
Ultimate Strength, ocu 

(108 N/m2)  (103 psl) 
Ultimate 

Strain, ecu 

W 
Longitudinal (0°) 

295 
295 
295 

137 
125 
125 

19.8 
18.1 
18.2 

2.25 
2.66 
3.55 

32.6 
38.6 
51.5 

5.61 
4.96 
5.38 

81.2 
71.9 
78.0 

0.5 
0.« 
0.4 

76 
;6 
76 
76 

115 
97 
110 
141 

16.7 
14.1 
16.0 
20.4 

4.54 

3.95 
5.04 

65.9 

57.3 
73.1 

7.95 
4.75 
6.72 
12.29 

115 
69 
97 

178 

0.8 
0.5 
0.7 
1.0 

* 
4 

109" 
124 
125 

15.a« 
18.0 
18.2 

3.70 
3.77 

53.7 
54.7 

8.83 
5.87 
5.99 

128 
85 
87 

0.7' 
0.6 
0.8 

Transverse (90°) 

295 
295 
295 

9.09a 

9.99" 
9.91" 

1.32» 
1.45a 

1.44a 

0.90" 
0.58« 

13.0» 
8.4« 

1.04 
0.91 
0.71 

15.1 
13.2 
10.3 

0.8" 
0.8» 
0.6« 

76 
76 
76 

16.6 
13.1 
16.1 

2.41 
1.89 
2.34 

1.16 
0.80 
0.90 

16.8 
11.5 
13.1 

1.51 
1.25 
1.33 

21.9 
18.1 
19.3 

1.1 
1.0 
0.9 

4 
4 
4 

18.8 
14.4 
15.3 

2.72 
2.09 
2.'22 

0.660 
0.723 
0.647 

9.58 
10.48 
9.39 

1.00 
1.50 
1.43 

14.4 
21.8 
20.7 

0.5 
1.0 
0.9 

a Estimated from strip-chart recording. 

All square specimens 
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Table 7.  Compressive Properfles of Composites (Maxima of Ultimate Strength Values) 

t 

"4. 
is 

Temperature Ultimate Strength, acu Ultimate Number of 
(K) (10« N/,,,2) (10-3 psi) Compression, ECU 

(%) 
Specimens 

5.6 
1 

mil Boron-6061 Aluminum 

Longitudinal (0°) 

295   — _ __ 
76 28.7 416 0.5 1 
4 32.6 473 0.7 3 

i 

Transverse (90°) 

295 2.60 37.7 0.5 3 
76 4.56 66.2 0.9 3 
A o.56 95.1 1.2 3 

1                       1 

5.6 mil Boron-5505 Epoxv 

Longitudinal (0°) 

295   __ __ 
76 — — — 
4 36.6 531 0.6 3 

Transverse (90°) 

295 2.27 32.3 1.6 4 
76 4.56 66.2 1.5 5 
4 4.52 65.5 1.1 3 

1 
i 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 

i 

Transverse (90°) 

295 1.05 15.3 3.4 3 
76 3.11 45.1 1.1 3 
4 2.99 43.4 1.1 3 

Type AS Graphite-N/ ISA Resin 2 

Longitudinal (0°) 

295 5.61 81.2 0.5 3 
76 12.3 1/8 1.0 4 
4 8.83 128 

Trarsverse (S 

0.8 

0°) 

3 

295 1.04 15.1 0.8 3 
76 1.51 21.9 1.1 3 
4 1.50 21.8 1.0 3 
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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: 

'■h (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 of 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.  In 
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 = f(At) (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 calioration curve for the test system. 

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

AL 
■ £(At) 

(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 ^^f^J™" 
the calibration chart.  This value is substituted in fq- (3)•  A few itera 
tions suffice to narrow estimated and calculated moduli to within + 10%, 
which appears to be a reasonable limit 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 
Sore specimen fracture, a comparison of the initial linear Potion of the 
load time curve with the modulus from the load-strain curve ^«J*» JJ ' ValU* 
from Eq. (3) without recourse to the calibration curve or any iterations. 

18 

wtemm ttmrnm -rv.—"'■' '"S-^'uS'l1 ^.'»liiljC1 "23! 



.... 

Appendix II: M. B. Käsen, "M.«chanical nnd Thermal Proportios of Filamentary- 
Reinforced Structural Composites at Cryogenic Temperatures-2: 
Advanced Cümpoüite3,,, Cryogenics 15(12), pp. 701-722 (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 
cross reference is given with a 128-entry bibliography.   This is fart 2 of a two-part 
series.  Part 1 considered glass-reinforced con posites. 

\ 

1 

4ta 

Mechanical and thermal properties of filamentary 
reinforced structural composites at cryogenic 
temperatures 
2: Advanced composites 
M. B. Kasen 

Nomenclature 
alu tensile ultimate strength 

^ initial tensile modulus 

k\ secondary tensile modulus 

etu tensile ultimate strain 

af.l flexu. '1 ultimate strength 

^ initial flexural moduli's 

*s secondary flexural modulus 

Ocu compressive ultiinate strength 

[■y compressive modulus 

ecu compressive ultimate strain 

a" interlaminar shear strength 

T?« fatigue strength 

0by bearing yield strength 

0bu bearing ultimate strength 

a1 impact strength 

X thermal conductivity 

A/,//- thermal contraction (expansion) 

cp specific heat at constant pressure 

P density 

Tliis review has four main objectives: (a) to give the designer 
some idea of the general magnitude of property values which 
can reasonably be expected from a given category and class 
of advanced-fibre composites witliin the cryogenic range; 
(b) to provide insight into the ranking of specific composite 
classes with r.-gard to a specific property; and (c) to allow 
him to assess whether the nroperly of interest is likely to 
increase, remain unaffected, or e'ecrease with lowering of 
temperature. Readers with more specific interests are 
referred to the Bibliography and Hibliography-Property 
Cross Reference foi retrieval of sf ecific documents. The 
Bibliography in this report is similar to that in Part 1 and 

The author is in the Cryogenics Division, NBS Institute for Basic 
Standards, Boulder, Colorado 80302, USA.  Received 16 June 1975. 

includes references to both the glass and advanced-fibre 
reinforced composite literature. The scope of the literature 
survey has already been described in Part I (CRYOGENICS 
Vol 15, No 6 (June 1975) pp 327-49) 

We define a composite 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-epcxy. We subdivide the class by re- 
ferring to a composite type when a specific r^nforcement/ 
matrix combination is specified, for example, HT-S/X-904 
epoxy. 

The term 'advanced-fibre' is used to distinguish fibres having 
high modulus (20-70 x 106 lb in'2, 138-483 GPa) in con- 
trast to the relatively low modulus of glass fibre (10 x 106 

lb 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 ihe 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 composites 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 ate 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 piesent work is the separ- 
ation of stati'- 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, 
77 K, 20 K, 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 from several sources may 
have a considerable scatter band associated with them. We 
discuss the range of values associated with such curves and 
einphasi/.e those specific types for which the best values were 
teporU'd. 

The complexity of the subject and the necessity of a cut-off 
data for dt'ta acquisition makes it urn voidable that some data 
worthy of inclusion have been inadvertently ovei ooked. 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 
the cited authors. These data have not been expeiimentally 
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 longitiidinal compression testing where an un- 
supported specimen may fnil 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 in 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 sped ic 
variation of the fibre content jf the composite   The property 
data discussed in this paper reflec« values and trends reported 
for composites containing of the order of 50% fibre volume. 
However, the reader must refer *o the literature for specific 
composite 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 graphilization (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 mil (1 mil = 25.4 /mi) 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 

produce such fibres from different precursor materials (the 
two most common being rayon and polyacrylonilnle (PAN)), 
but it is also possible to vary the production process to pro- 
duce fibres differing greatly in modulus and strength. As 
the properties obtainable with graphite reinlorcement 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 wUI disappear to be replac- 
ed by newer types. At the present time, the potential user of 
these materials would be wise to restrict his interest 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 ID6 lb in'2 (170-500 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 106 

lb in"2, respectively (< 275, 275-415, and > 415 GPa). 

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

Primary static mechanical properties 

The key static mechanical properties required lor preliminary 
design calculations with composites are: uniaxial longitudinal 
and transverse tensile and compressive ultimate strengths; 
umaxial 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 (see 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 

i | 702 
20 

Composite Fibre/resin Density, lb in'3 

system ratio (gem3) 

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-eposy 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, o'u, of graphite-epoxy 
composites 
a - Uniaxial lonoitudinal; 1 - Thornel 75 S1 

3 - Thornel ?0 !,.l0; 4 - HMG - 50     ; 5 - MH-S 
e-Modmpr I 8. 7 - Samco 320'; 8 - Thornel 254   ; 
9- HT-S'-^'^'^^'^MO-Modmor II8; 11 - HMG-25 : 

b - Uniaxial tramverse: 1 - Thornel 75/ERLB 4617 51; 
2a - HT-S/NASA Resin 2 10; 2b - HT.S/4617 (modified) 10, 
2c- HT-S/X-904 '3 

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

Composite tensile strength 

Kig.l sunmiarizes the ava'lable data on the temperature depen- 
dence of the ultimate tensile strength of graphite-reinforced 
epoxy composites 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 separate 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 graphite fibres. 

The available data summarized on Fig. I 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 I, the strength behaviour 
below 77 K appears to become erratic. 

Fig.la 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 ui,- 
iaxial longitudinal mode should be fibre controlled; hence, 

the tensile strengths should inversely follow the modulus of 
the fibre. This trend is not reflected in the data of Fig.la - 
indeed the averaged data indicate the converse; higlier 
strengths are associated with higher 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 lb in'2 (1.01 GPa) reported for the 
low modulus HT-S graphite fibre in X-904 resin.13 The 
next highest was 130 x 103 ib in-2 (0.90 GPa) reported for 
HMG-50 in a flexibilized ^poxy matrix l0 for Modmor I and 
for Samco 360 m modified ERL 1156,8 all medium modulus 
fibres, while 126 x 103 Ib In"8 (0.87 GPa) was the maximum 
reported for the high-modulus Thornel 75 fibre in ERLB 
4617.sl  This suggests that the higlier 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 
Larsen and Simon l0 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 tested, 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 s under NASA 
Sponsorship. 

The uniaxial longitudinal tensile strength data for other types 
of advanced composites are presented in Fig.2a. The data 
for PRD49-epoxy, boron-epoxy, boron (Bürsic)-aluminium, 
stainless steel-aluminium, and the hybrid Borsic-steel- 
aluminium and Borsic-titanium-aluminium composites all 
have higlier 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 (6061) 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 |3-3Ti foil interleaved between the boron 
lamellae.13 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 graphite HT-S/polyimidc (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 (HT424 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 acceptance in view of the 
wider availability of boron-reinforced aluminium, which has 
similar strength properties. 

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

composites 
a - Uniaxial longitudinal: 1 - PRD 49-1/epoxy     ■    ;    . 

2 - boron-epoxy 1, , 3 - HT-S/polymide     ; 
4 - HT-S/epoxy-phenolic     ; 5 - bo.on-aluminium (6061)      ; 
6 — Borsic-steel-aluminium (60611    ; 7 — Borsic-titanium- 
aluminium (6061) '; B - stainless steel-aluminium (2024) . 
b - Uniaxicl transverse: 1 - boron-epoxy     <    ; 2 - boron- 
aluminium (60611     , 3 — Borsic-titanium-alumimum 

either 4 or 5.6 mil buron 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 lb in-2 (1.12   1.39 GPa), with highest values 
reported for 5.6 mil Bürsic/6061.13  Data were no available 
for any other aluminium alloy matrix. Boron-epoxy com- 
posites containing either 4 mil or 5.6 mil fibre are commer- 
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 epoxy composites tested in the longitudinal dir- 
ection at 77 K varied from 167   226 x 103 lb iira(l.15-1.56 
GPa), the highest value being reported for the commercial 
SP-272 product.13 

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. Hogt.att 59 reports NOL ring ultimate strengths of 
146 x 103 lb in"2 (1.0 GPa) for PRD 49-1 in a NASA Resin 
2 matrix and 183 x 103 lb 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 

704 2Z 

material is relatively independent of temperature within the 
cryogenic range. 

The hybrids Borsic-steel-aluminium and Borsic-titanium- 
aluminium complete the group of advanced composites that 
has reasonably high strength in uniaxial tension. The some- 
what lower strength of these hybrids, compared to the con 
venlional 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 
seen 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 aluminium 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.13 

The literature reported a 77 K transverse ultimate strength of 
14.2 x 103 lb in-2 (97 MPa) for 4.2 mil Borsic/6061 alumin- 
ium and a somewhat higher value of 24.9 x 103 lb in"2 (172 
MPa) for 5.6 mil boron reinforcement.13 It is also probable 
that this strength difference is real; however, available 
data 13126 also indicate that the observed difference may 
be due to residual stresses inherent in the small diameter 
fibre rather than to the presence 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 

lb in'2 (69 GPa) for glass-reinforced composites in the fibre 
direction. Figs 3a and 4a show that moduli ranging from 
30-40 x 106 lb in"2 (207-276 GPa) are 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 the- 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 composites may exceed that 
of any other type of advanced composite when certain graph- 
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.3 Initial tensile modulus, E\, of graphite-epoxy composits 
Uniaxial longitudinal: 1 - Thornel 75 51; 2 - Thornei 50 , 
Modmor I 8:4 - Sancom 320 K; 5 - HT-S 8'1'''1   ; 6- 

Fig.3 
a 
3 - Modmor I 8; 4 - Sancom 320 "; 5 - HT-S 
HMG-ZB8 

b - Uniaxial transverse: 1 - Thornel 75/ERLB 4617 
2a - HT-S/NASA Resin 2 10; 2b - HT-S/4617 (Modified); 
2c- HT-S/X-904 13 

ite fibres are used. However, a comparison of Figs 3b and 
4b shows that the uniaxial transverse tensile moduli 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 tU from which Fig.3a was 
prepared revealed that an.ong ;ie medium modulus tibres, 
the modulus at 77 K was 39-43 x 106 lb in"2 269- 297 
GPu) for Samco 360; the highest valur being reported with 
a modified tRL 2256 resin.8 The Modmor I fibre produced 
almost as high moduli, ranging from 32  42 x 106 lb in'2 

(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 
kwer range of 26- 33 x 106 lb in"2 (179-228 GPa) was 
reported for Thornel 50; the highest values were for a 
modified LRL 2256 composite.8 among the low modulus 
fibres, HT-S (the most tested fibre) produced 15 - 20 x 106 

lb in"2 (103- 138 GPa), the highest value being reported 
withX-904 resin,13 while 17   22 x 106 lb in"2 (117-152 
GPa) was the reported range for HMG-25, the highest values 
being obtained in a NASA Resin 2 matrix.8 

As the fansverse 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.lb. Here the lower moduli of 
the HT-S/NASA Resin 2 and the HT-S/4617 (modified) are 
due to the additions of flexibilizers and elastomers to the 

epoxy resin, while the highest modulus was .feveloped with 
the conventional X-904 matrix. In gene- .i, the transverse 
modulus increases with decreasing temperature. A lower 
composite modulus value was reported for the high-mod1'lus 
Thornel 75 fibre in ERLB 4617 resin than for the 
HT-S/X-904 combination. 

Leaving the graphite-reinforced compo».tes :.nd turning to 
those reinforced with other advanced fibres r-t observe n 
Fig.4a that the uniaxial longitudinal moduli reported for 
the boron-enoxy, the boron-aK;minium and til* hybrid 
Borsic-titanium-aluminium and B^rw-stee'-ahuninium 
composites all cluster around 30-35 X 106 lb in"2 (20/-242 
GPa) with little temperature dependence. TL   PRD49,' 
epoxy modulus is reported to be significantly lower, at 
16-18 x 106lbin-2(110   124GPa), but'-.kfgoLga 
significant rise between 77 K and 20 K. i, general, these 
uniaxial longitudinal moduli values comps e favourable 
with those of the graphitt-epoxies. 

The uniaxial transve.se moduli are another matter. As seen 
in Fig.4b, the transverse moduli of the aluminium-matrix 
materials arc far higher than thow of the graphite-epoxies 
and are, in fact, almost twice as high as that of unreinforced 
6061 aluminium. The transverse moduli of the boroii-epoxy 
is much lower than that for the same fibre ir. an aluminium 
matrix, out is still almost twice that of the graphite-epoxy 
materials. These data reflect the contribution mad. by 
fibre-matrix interface to the Uuiisverse r odulus. 

100 150 200 

\r\ Temperature .  K 

Fig.4     Initial tensile modulus, E\, of miscellaneous advanced 
composites • 
a - Uniaxial longiiudmai: 1 - boron-epoxy     ; 2 - PRO 49- 
l/epoxy s'-60;3 -boron-aluminium (6061)l3;4 - Bonic- 
titanium-aluminium (6061)    : 5 - Bonic-tteel-aluminium 
(6061 )n . 
b - Uniaxial tramverse: 1 - boron-epoxy (SP-272, Narmco BB05) 
2 - boron-aluminium (6061)    ; 3 - Bonic-titanium-elumlnium 
(6061)    ;4-    oriic-iteel-aluminium (6061) 
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composites 
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(SP-272, ^'^rmco 5505), 3 - boron-aluminium l3 (6061); 
4 - Borsic-tiMmum aluminium (G061I    ; 5 - Borsic-steel- 
aluminium (60611 
b - Uniaxial Ijngitudinal: 1 - HT-S/X-904 l3, 2 -boron-epoxy '" ; 
(Narmco 5505, SP-272) " ; 3 - boron-alumin:um 13 

Looking ifl more detail at the uniaxial longitudinal data, we 
find that the boron (Borsic)-aluminiur.. data ranged fro.n 
30.4-36.2 ■. 106 lb in'2 (210-250 CPa) with little tem- 
perature aeptndence. These data combine values obtained 
iron) fibres ot 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 8I on SP-272 and Narmco 
5505 (data range was not available). The hybrids, Borsic- 
litar.iuiii-aliiniinium, and Borsic-steel-aluminium, were the 
same con'posites discussed in reference to the tensile data 
of Fig.2a. The slig'itly lower uniaxial tensile modulus of 
the hybrids compared to that of the conventional bo'-.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 a NASA Resin 2 matrix.59'60 The ERLB 4617 com- 
posite produced a slightly increased tensile modulus at all 
temperatures, its value Iieing 18.5 x 10* lb in"2 (128 GPa) 
at 77 K, compared to 17.5 x 106 lb in"2 (121 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 ob:erve that the three aluminium-matrix composites 
have similar moduli, about 20 x 106 lb in"2 (138 GPa). 
The boron-aluminium data was again the average of data 
obtained from 4.2 mil Boisic and 5.6 mil boron, similar 

values being reported for each variant. The borou-epoxy 
data of Fig.4b again reflect the average values obiamed 
from the commercial SP-272 and Narmco 5505 materials.81 

Composite compretiive strength and modulus 

Data on the compressive properties of advanced cotnposilf-s 
at cryogenic temperatures were also relatively sp^rse. Thuu- 
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 composites. Comparison of Fig.5 
with Figs 1 and 2 also shows that the compressive strengths 
are 100-200% higher than the tensile strengths for the san"" 
composites. 

The highest uniaxial longitudinal compressive strength, 
more than 200% above that obtainable with glass reinforce- 
ment, was reported for the commercial boron-c|oxy type-. 
SP 272 and Narmco 5505.81  The compiessive strc.iglh of 
this composite class was observed to increase on cooling to 
77 K. Boron-aluminium reportedly has a compariilively 
lower uniaxial compressive strength. The latter duta reflect 
input from both 4.2 mil Borsic and 5.6 mil boror.-fibre 
composites.13 A slightly higher strength was reported tor 
the 5.6 mil composite, but not sufficiently to justify a sep- 
arate plot. Again, the Borsic-titanium-aluminium and 
Borsic-steel-aluminium hybrids developed strengths some- 

50 100 I9w 200 

Tempe-otij'C, K 

250 

Fig.6     Compressive modulus, fc of advanced composites 
a — Uniaxial longitudinal: 1 - HT-S/X-904   ' , 7 - boron-epoxy 
(Narmco 5506 SP-272)811 3 - boron-aluminium (6061) 13; 
4 - Boric-'itanium-aluminium (6061)     ; 5 - Borsic-steel- 
aluminium (6061) 13 

b - Uniixiil transverse: 1 - HT-S/X 904 >  ; 2 - boron epoxy 
(Narmco 5505, SP-272)"1; 3 - boron-aluminium (6061) '3 
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what below that of the conventional boron-aluminium, te- 
flec ing the decreased density of boron fibres in the stress 
direction. Lowest uniaxial longitudinal compressive strengths 
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 reported 
to increase with cooling, in contrast to the tensile behavicur. 

llie aviilable data on the transverse compressive strengths 
of boron-epoxy, boron-aluminium, and graphite-epoxy com- 
posites are cu.vipared on Fig.Sb. These composites appear 
in the same relative order of strength as in the longitudinal 
test mode. The commercial SP-27? 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 giaphite- 
epoxy composite. 

The compressive modulus of a given composite is expected 
to 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 an^ *he 
boron-aluminium hybrids again show the highest longitudinal 
moduli, with the boron-epoxy only slightly lower. Th? 
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 a significant 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-ep <vy 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 which has been published reflects the work of Hertz et 
al.13 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 I   9 x lO-3 in the longi- 
tudinal uniaxial direction; and (b) the strain at tensile frac- 
ture is relatively independent of temperature within the 
cryogenic range. These data are summarized on Fig.7. These 
stains 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 
(HT-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 strain of the 
HT-S/X-904 graphite-epoxy composite will be about 2 x 103, 
or about 25% of the longitudinal strain. By comparison, thj 
trr.;isversc fracture strain for the commercial HT-S/3002 
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Fig,7      Ultimate tensile strain, f*. of advanced composites 

(uniaxial tensile)                                                                        ., 
1 _ HT-S/X-904 '   ; 2 - 4.2 mil Borsic-aluminium (6061)      ; 
3 - 5.6 mil boron-aiumimum (6061)    , 4 -4.2 mil Boriic- 
titanium-aluminiurn (60611 13;5-4.2 mil Boriic-iteel- 

aluminium (60611 

gK,jhite-epoxy composite is reported 12 to be 7.8 x 10'3, 
only slightly less than its longitudinal fracture strain of 8.6 
x 10"3. The interfacial-bond strength between the fibre and 
matrix in the HT-S/3002 composite was undoubtedly sup- 
erior to that existing in the HT-S/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. Hertz et 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- 
sprayed tape. Higher 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 '2 5 has pro- 
posed an alternative explanation for longitudinal splitting 
of the small diameter boron fibres, citing results of diametral- 
compression tests of individual 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-existim? laws in the 
fibres. Sucn anisotropy was not observea in the larger fibres. 
Fibre splitting was not directly related 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 Borsic-titanium-aluminium hybrid reportedly developed 
higher strain values in both directions than did the conven- 
tional 4.2 mil Borsic-aluminium, but lower values than that 
of the composite reinforced with 5.6 mil boron. The borsic- 

CRYOGENICS. DECEMBER 1975 25 707 

-r- %**i±'^mL 



.I0'J 

20 

**♦ 

ie 

10 

8 

6 f- 

— —"   Transverse 

—~~   Lonqiludmol 

_l_ _l_ 
SO 100 290 ioo ISO 200 

Temperaturt,  K 
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steel-aluminium hybrid shows clearly the increase in trans- 
verse strain '.apability due to the presence of stainless wires 
oriented in thu 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/X ^04 graphite-epoxy composite, again 
reflecting the wo/   ;'Hertz el al.13 These data, Fig.8, 
indicate an increasi-.^ ■• 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 dtOM reported for an HT/S/3002 graphiie- 
reinforced composite.'M 

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 properties   The requirements for obtain- 
ing valid shear property data are the same as for metals, that 
is, value-» 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 
a'j| or a'^ ; however, in thin laminates, only one such in- 
pfane shear is of consequence. A third shear, which is trans- 
verse or cross-fibre, is not an important composite design 
parameter. 

It is important to distinguish between in-plane or intrala- 
minar shear defined as above and intprlaminar 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 sh'ar is a difficult property to measure accurately 
because of the necessity of avoiding extraneous compressive 

or teasile stresses on the shear plane. The torque tube 
(torsion) method works well but is expensive. Consequently, 
somewhat simpler methods such as the 'rail shear1 or the 
'+ 45° laminate' test have been devised. The inteiested 
reader can find discussions of the relative merits of these 
latter methods 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 lb in"2 (60 MFa) at 295 K to 7 378 
lb in-2 (51 MPa) at 77 k, using the torsion lube test method. 
A concomitant shear modulus increase from 7.27 x 105 

lb in-2 (10.5 GPa) was reported. Obviously, much additional 
in-plane shear data aie required before trends in the cryo- 
genic temperature dependence of shear properties can be 
defined. Room temperature values of shear strengths and 
moduli are reportedly about 18 x 103 lb in-2 (124 MPa) 
and 9.5 x I06 lb in"2 (65 GPa), respectively, for boron- 
aluminium, while values for boron-epoxy arr about 15 x 103 

lb in"2 (124 MPa) and 7 x 105 lb in"2 (0.48 GPa), respective 
ly.124  Reported room temperature values for the shear 
strength of graphi.e epoxy composites vary from 9-13 x 
103 lb in-2 (62 MPa) with a modulus of about 6.5 x 10' 
lb in"2 (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 properties of boron-aluminium 
and boron-epoxy composites either remain unaffected or 
increase 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. 

Secondary 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 macromechanics composite 
theory. However, such secondary properties are impoy'.diu 
in other ways. Because t jmpjsites are largely fabricated in 
situ, a large number o options are available among fion (or 
combinations of fibres) and matrix materials. Optio is are 
also available in fabrication procedure. It is necessa/y to 
efficiently evaluate various combinations in a mea-iingful 
comparative manner in order to optimize the fir al 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 tes' and the interlaminar shear test 
(usually also performed in flexure) are relatively inexpen- 
sive and informative. 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'.mgth. 

Compniite 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 specimen in uniaxial transverse flexure. 

Fewer data were available on the temperature dependence of 
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Fig.9      Ultimate flexural strength, ofu, of araphite-epoxy comp 
a - Uniaxial longitudinal; 1 - GY-70 'l ■    : 2 - Thornel 50   ; 
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6-Modmor n '^   7 - HMG-25 s; 
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osites 

Uniaxial transverse 
3 -   HT-S/BSP-2401 l3;4 - HTS/X-904 
6 - GY-70/1004 '■'; 7 - GY-70/E-350A 

HT-S/1004 '■' 
II 1.1. 

"-13;5- HT-S/3002 
8 - GY-70'X-904 

the tlexural strength and elastic modulus than for tensile 
properties; ftirthermcre, most of those availaole were re- 
ported for graphite-epoxy composites. Fig.^ summaii/es 
the flexural strength data for the lat'er, while Fig. 10 
summarizes the available data for other types of reinforce- 
ments or matrices. The minimal available data on flexural 
modulus properties appear in Fig. 11. 

Comparison of Fig.1) with Fig.l shows thai the graphite- 
epoxy flexural strength data span a much greater range of 
values than docs 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 flexural 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 113-234 x 103 lb in'2 (0.78-1,61 
GPa) range at 77 K, This is significantly It ver than the 
325-470 x I03 lb in-2 (2,24-3.24 GPa) range reported 
tor uniaxial glass-epoxies in Part 1, These data included 
test series designed to investigate cure cycles, aging effects, 
and environmental effects, 12'n'58  Most of the work was 
done with E-J50, X-C)l 5, or X-904 mat.la:,, for v'-ich the 
average flexural strengths at 77 K were repotted to be very 
similar, varying only from 167- 178 x 10-' lb in'2 

(1.15   1,23 GPa),1-1 

The available data on the HT-S fibre composites remind us 
that processing variables an important; in particular, those 
variables that affect the void content. Detailed examination 
of the available data showed that in 84 of the 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 l2 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 been due to the presenc; of vgds in 
the composites. 

Continuing this with the other fibres, we observe on Fig.9a 
that the order of decreasing strength is Modmor 11, GY-70, 
and Fibralloy 300, arriving finally at a group comprising the 
lowest reported strengths and consisting of Courtaulds HM, 
IIMG 25, and Thornel 50 fibres. The flexure strength of 
this latter group is only about a third that of the UTS 
fibre composites. Among these other fibres, most data were 
available for the high-modulus GY-70, for which the spread 
ofvaluesat 77Kwas85-l33x I03 lb in"2 (586-917 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 

100 150 200 
Temperatur«, K 

Fig,10     Ultimate flexural strength, oaj, of miscellaneous advanced 

composites 
1 - boron-epoxy (SP-272)     ; 2 - HT-S/po^ymide     ■    , 3 - HT-S/ 
epoxy-phenoloc     ;4- GY-70/polyimide 
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Fig.l 1      Initial flexural modulus, f,, of advanced composites: 
uniaxial longitudinal 
1 - Thornel 50; 2 - HMC-25; 3 - Modmor II (all reference 8) 

1 

CRYOGENICS , DECEMBER 1975 27 

**•&. *.,***^?&tli&&7'fl',9l'''liL''' '.■"*'*'"'." -   '—-—' 

709 

-^—■" ■* ■. "ak'wgii, m»1 awbfs-^ "23 



© 

' 

*' 

Table 2   Comparison of ranking of specific uniaxial 
graphite-epoxy composites by longitudinal flexure ttrtmgth 

and by longitudinal tensile strength (77 K) 

Composite ofu, 103 lb in 2 Rank o«". 103 lb in"2 Rank 

A                 178 1 147 1 
B                172 2 87 
C                 167 3 103 
D                 146 4 4 b 
E                 117 5 92 
F                   58 B 81 
G                  55 7 71 
H                   5-' 1 93 

differences in the fibre-matrix bond strength between these 
two fibre types, the high modulus fibre having the poorer 
bonding. Note '.hat X-904 and 1Ü04 epoxies were used with 
both fibre types. 

Before leaving the data of Fig.9, it is of interest to consider 
whether or not the literature data support the contention 
that the relatively inexpensive flexure test may be used to 
obtain comparative ranking of composite strength in lieu of 
the more expensive tensile test. A visual comparison of the 
data tn Fig.9a with that of Fig.la is hardly convincing. 
However, such a comparison is r.^bulous because these 
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 (same fibre and matrix) 
for which daia were available. The data are summarized 
in Table 2. Results suggest that the flexure test results are 
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. 

Flexure data on other types of advanced composites were 
somewhat meagre. Fig. 10 does indicate that the uniaxial 
longitudinal flexural strength of boron-epoxy in the form 
of the commercial 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 were 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 composi'es at 77 K, but the 
magnitude of the decrease is less than that reported for 
the uniaxial tensile strength. Finally, the HT-S/epoxy- 
phenolic (HT424 Primer) appears to oossess acceptable 
flexure strength with little temperatuie dependence, in 
contrast »o the comparatively low strength and significant 
temperature dependence reported for the same composite 
in longitudinal tension (see Fig.2a). 

Very little data were available on the flexural modulus. 
Data for the longitudinal mode appearing on Fig.l i 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 2256 epoxy and NASA 

Resin 2.8 A slightly higher modulus was reported Tor the 
latter at both 295 K and 77 K. 

Composite interlaminar shear strength 

Infetlaminar shear strength is the resistance to failure be 
tween layers in a layered laminate along the plane of their 
interface. Interlaminar shear is sometimes measured by the 
guillotine method, in which shear is forced by the imposi- 
tion of opposing but offset cuts across the width of a flat 
tensile specimen. Alternatively, the short-beam method 
may be used. Here, the specimen resembles a flat flexural 
specimen but is proportioned to fail by shear on the central 
layers of the composite. The guillotine method is reputed 
to produce less scatter. However, the values obtained are 
usually higher than those obtained with the short-beam 
method. The latter method is the most widely used. A 
modification of the short-beam test is used with filament- 
wound NOL ring specimens. Here, a short section of the 

II 13 15        17 19 

<r", 10    lb in 

&• 

Fig.12      Histograms illustrating the reported range; of longitudinal 
interlaminar shear strength, o" 
a - as reported for HT-S/X-304 graphite -epoxy at 77 K and 
b — the reported changes in interlaminar shear strength in the same 
composite upon cooling from 295 K to 77 K 
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ring (concave downward) is substituted for the flat speci- 
mcnt. Results of the NOL segment and the flat short-beam 
tests are not equivalent. 

A wide range of inierli'mmar shear strength values may be 
obtained with a single composite type. Fig.'2a 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 
Muximovich and Scheck.12 These d;ita suggest that the 
maximum interlaminar shear strength obtainable with this 
type composite is on the order of 17- 18 x 103 lb in'2 

(117   124MPa). 

The data of Maximovich and Scheck ma) be analysed fur- 
ther to determine what this relatively lary: body of data 
can tell statistically about the temperature dependenc? of 
inicilaminar shear strength, rrom 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 lb in-2 (27 MPa) 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 bore <■ 
"poxy, PRD49-epoxy,'and for boron-aluminium.8'10'13,47,58 

However, available data are insufficient for statistical exam- 
ination. One finds that the reported 77 K interlaminar shear 
strengths lor graphite-epoxy composites made with ten fibre 
typ»s other than MT-S range from about 4-18 x ID3 ID in-2 

(27-124 MPa). that is, covering about the same range 
covered by the HT-S data of Fig. 12a. 

Somewhat surprisingly, available data on boron-epoxy 13,58 

and boron-aluminium 13 composites suggest that the maxi- 
mum interlaminar shear strengths of these composites are 
almost the same as for the best of the graphite-epoxy com- 
posites, that is, about 18 x I03 lb in'2 (124 MPa) at 77 K 
with about a 4000 lb in"2 (27 MPa) increase between 295 K 
and 77 K. 
The only data on the interlaminar shear strength of PRD 
49-epoxy composites are those of Hoggatt s1*'60 who report- 
ed NOl.-ring segment values of approximately 400 lb in"2 

(27 MPa) in both bRLB46l 7 and NASA Resin 2 matrices. 
Values obtained with the latter of these were found to be 
consistently higher by 40 -70%. Very little temperature 
dependence W8! observed.  It is perhaps noteworthy that 
the highest .,licar strengths reported for the graphite-epoxy 
composites. 21 x lO6 lb in"2 (145 MPa), was also ootained 
with NASA Resm 2 epoxy.10 

Composite bearing strength 

Ihe only daia found in the literature on the temperature 
dependence of bearing properties of advanced composites 
m the cryogenic range were published by Hertz et al ,3 for 
boron and Borsic-reinlorced 6061 aluminium, including the 
steel and titanium-reinforced hybrids. These data, appe ring 

Temperotur«, X 

Fig.',3     Ultimate bearing itrength, obu, of boron-aluminium 
composites, uniaxial longitudinal direction 
1 - 4.2 mil Borsic-aluminium (60611:2 - 5.6 mil Boron-aluminium 
(6061); 3 - 4.2 mil Borsic-steel-aluminium (60611; 4 - 4.2 mil 
Borsic-titanium-aluminium (6061) IJM reference 13) 

on Fig 13, are for bearing stnngth 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 a 
No 10 steel pin (~ 4.8 mm). An increase in bearing . trength 
with decreasing temperature is observed for both conven- 
tional boion and Borsic-reinforced materials, the effect 
being more pronounced in the 4D tests. The Borsic-steel- 
alummium hybrid performed much like the conventional 
materials, while the Borsic-titanium-aluminii1:.! hybrid per- 
formed somewhat erratically, although the highest strengths 
wem developed with this latter composite. 

Dynjmic 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 messing, the data are 
of value only in a comparative sense. 

Hansom 45 has studied the cyclic fatigue perfermance of 
pressure vessels overwrapped with Thornel 50 graphite 
fibre using an URL 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- 
tibre reinforced vessels. Hanson concluded that, on the 
basis of specific strength, graphite-fibre reinforced vessels 
would have fatigue performance superior to that of glass- 
fibre reinforced vessels after only 80 cycles. 
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H AJtring el a] 2,) have reported cryogenic cyclic fatigue data 
on pressure vessels filament-wound with 4 mil boron in a 
Polaris-resin matrix. Polaris resin consists ol hpon 828/ 
Epon 1031 /NMA/BDMA in proporiions 50/50/90/0.55 
pbw. Commercia] designations are K-787 and 58 -68R. 
The results were again reported to he 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 -509« of'ingle cycle 
values after 10 000 cycles. This is about the same as for 
glass reinforcement. 

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 very tentative in view of the afore- 
mentioued tendency for the 4 mil boron fibre to split 
longitudinally when subjected to transverse stresses such 
as are present in biar.ialiy-loaded pressure vessels. The 
fatigue performance at cryogenic temperatures of compos- 
ites reinforced with 5.6 mil boron fibre should be substan- 
tially better than with the 4 mil fibre, if fibre splitting is a 
factor in the smaller diameter fibre. 

Composite impact strength 

Few data were available on the impact strength of advanced 
composites at cryogenic temperatures. The Advanced 
Composite Design Guide l24 includes some unpublished 
data on the Charpy V-notch impact values of commercial 
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 ft lb in"1 (121.7 
N m nT1) at 295 K to 27.0 ft lb in"1 (144 N m m"1) at 20 K 
Concomitantly, a slight decrease from 46.3 to 39.5 ft lb in'1 

(247 to 211 N m in'1) was reported for unnotched speci- 
mens over this temperature range. The nctched/unnotched 
ratios of about 0.49 at 295 K and about 0.68 at 20 K in- 
dicate some notch sensitivity. Sumner and Davis7 have 
reported a 12 ft lb in'1 (64 Nmm'1) (harpy V-notch 
strength at 295 K for 25 v/o stainless steel wire reinforced 
2024 aluminium, this value increasing to 18 ft lb in'1 

(96 N m m'1) at 77 K. Cryogenic impact strength data 
were not available for the other types of advanced com- 
posites. However, room temperature data indicate that 
the graphite-reinforced composites have substantially lower 
impact strengths than boron-reinforced types. There is no 
a priori reason to expect this relationship to change at 
cryogenic temperatures. Such impact strengths are sub- 
stantially lower than those discussed ui Part 1 for glass- 
reinforcement, where notched values transverse to the 
uniaxial longitudinal direction were seer to range from 
67-162 ft lb in'1 (357-865 Nmm'1) at 77 K.4 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 arc made in the longitudinal (cross-fibre 
fracture) mode.125'127 

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 9 has reported efforts to improve 
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Fig.14      Longitudinal thermal fxpansion, £L/L, of uniaxial 
advanced composites 
1 ■ 
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13 Thornel 75/ERLB4617 " ; 2 - GY-70/X-904 
Fibralloy 300/X 904 '3;4 - HT-S/X-904     iJ- PRD49-1/ 

ERLA4617 '!9'60;6 - PRD49-I/NASA Resin 2     ■ 0;7 -boron, 
epoxy SP-272, 8 - 5.6 mil boron/aluminmium 6061; 9 - 4.2 mil 
Borsic-titanium-aiuminium 6061; 10 - 4.2 mil Borsic-steei- 
aluminium (6061); 11 - 4.2 mil Borsic/alumimum (6061) (all 
reference 13) 

the impact properties of crossplied HT-S/epoxy materials at 
cryogenic temperatures by addition of elastomeric compon- 
ents to the matrix. 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 tRLB 4617 epoxy. However, the benefit 
gained was negated by a significant lowering of the room 
temperature impact properties and by unpredictable per- 
formance at cryogenic temperatures. Larsen concluded 
that improved overall cryogenic properties would be ob- 
tained by use of the NASA Resin 2 epoxy formulation with 
graphite-reinforced composites. 

It 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 cyogenic 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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Tlie graphite-reinforced composites display a very small long- 
itudinal expansion on cooling, slightly larger expansions 
being reported for the high modulus Thornel 75 and GY-70 
fibre composites than for composites made with the medium- 
modulus Fibralloy 300 and the low-modulus HT-S fibres. 
The PRD49 (Kevlar49) composites undergo a comparatively 
large longitudinal expansion on cooling, reportedly reaching 
a maximum of about 8-10 x lO"4 at about 77 K.59-60 

Slightly laiger expansion was reported with a NASA Resin 2 
matrix than with KRLA 4617. The other advancec com- 
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 be dominating in the latter composites, as re- 
latively little difference is seen among the four variants, 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-<duminium 
composites are about 25% ofthat of an unreinfcrced 6061 
aluminium alloy. 

Dimensional changes in the transverse direction are strongly 
influenced by the matrix, all advanced comp^sites showing 
contraction in this direction on cooling. These contractions 
are large compared to changes observed in the fibre direction, 
as witnessed by the neces&uy 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     Tranivnt« thermal cxpamion, M'L, of uniaxial advanced 
compoutes 
1 - boron/ep,(jxv (SP-272)     ,-2 - Fibralloy 300/ERLA 4617 

-4.2 mil Bonic-tltanlum/aluminium 6061 
Is, 

; 6-4.2 mil 4 - GY-70/X-904     ,■ 6 - boron/aluminium 6061 
Bonic-iteei/alumlnlum (6061) 15;7 - PHD49-l/ERLA4617 

m 

Fig. 18     Thermal conductivities, \, of advanced compotitei 
a - Uniaxial longitudiaJ; 1 - HTS/X-904 13; 2 - Thornel 60-Polari$ :,8; 
3 - B-epoxy, SP-272     ; 4 - B epoxy, 4.0 B   on-Polarit   8; 
5-PRD49-croxy*1 

b - Uriv;-.i mnwn« I - HT-5/X-904 13, 2 - Thornel 50 - Polaris    ; 
3 - B-ei-uxy, >-272 13 

go about twice the transverse thermal contraction of the 
Uoron-reinforced composites, reflecting the lesser constraint 
provided in this direction by the small graphite fibres. A 
slightly higher transve,se contraction is reported fnr the high- 
modnlus GY-70/X-9J4 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 conventional 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 longitudinal 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. 

Compotitt thtrmal conductivity 

Few data were available on the temperature dependence of 
uniaxial longitudinal and uniaxial transverse thermal con- 
ductivity of advanced composites. Those which were avail- 
able are plotted in Fig. 16. When comidering these data, the 
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Fig.17     Specil ic heat, €„, of advanced composites 
1 - HT-S/X 904, GY-70/5«: 904 l3; 2 - B-epoxy (SP-292) "; 
3 — boron/6061 aluminium     ;4 — Borsic-titanium/aluminium     ; 
5 - Borsic-steei/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. Furthermore, 
the volume fraction of fibr, will influence the conductivities, 
particularly in graphite-reinforced 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 fibie 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 com 
paratively small temperature dependence of thermal con- 
ductivity. Da'a were not available for boron-reinforced 
iluminium; however, the thermal conductivity of such mat- 
erials will certainly be much higher Han thai of a polymeric- 
matrix composite. The conductivity should be approx. nate- 
ly, half that of unreinforced aluminium in a typical SO 
volume % boron-aluminium composit''. Transverse thermal 
conductivities are matrix dominated and very low for both 
the graphite and boron-reinforced epoxy materials. 

The only available data for PRD49 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 1 of this paper. Again, an almost linear 
temperature dependence of Cp is observed from 2^5 K to 
77 K. As a group, the specific heats of the composites are 

slightly lower than that of aluminium for much of the reg'on 
between 295 K and 77 K, but substantially higher than th it 
for copper and most other metals. The temperature depen- 
dence of Cp for aluminium, copper and titanium are included 
on Fig. 17 for comparative purposes. 

The highest specific beat 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,'ö061. 
Slightly higher values were reported at 295 K and 20Ü K for 
the largei filament size, falling to slightly lower at 77 K. The 
data indicate that the Borsic-aluminium hybrids had slightly 
lower specific heats, probably reflec'ing 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 daU indicate that boron-epoxy has a comparatively 
high specific heat at room temperature. This is not unrea- 
sonable, as boron has a room temperature specific heat of 
about 12.9 x !02 J kg'1 K"1. No cryogenic specific heat 
data were available for boron or epoxy; however, the com- 
posite data suggest a rapidly decreasing value of Cp for 
boron as temperature decreases, while indicating that the 
specific heat of epoxy probably lies between 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. It 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 and compressive 
strengths and elastic moduli of these materials remain con- 
sta it or 'mprove 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 
temperatures without optimization of the composite 
matrix. 

Although actual data are not available, boron-aluminium 
conposites 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 polymer-matrix 
composites. The latter is a distinct advantage of metal- 
matrix composites, simplifying composite design and in- 
creasing component reliability. 

Available data on the cryogenic perfi rmancc 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 highest 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 (ends 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 
inherent chaiacteristic of the material. Certainly, the over- 
all performance of graphite-fibre overwrapped pressure 
vessels reported by Larsen and Simon l0 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 further investigation must be undei taken 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 59'60has 
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 
cryopc.iic temperatures, the potential user should investigate 
this 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.59'60 When considering the use of NASA 
Resin 2, the read.i should be aware that this resin has been 
optimized for cry jgenic use by the addition of flexibilizers, 
which significantly reduce the strength at elevated temper- 
atures.  In particular, 'Lire 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 manufacture's 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 suitability of various resins for 
crossply composites subjected to fatigue loading under 
cryogenic conditions has not been adequately investigatea. 

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 sa^ne appears to be true for 
PRD 49 (Kevlar 49)-epoxy, al'nough data are minimal. 
The graphite-epoxies tend towud decreased strength on 
cooling, 77 K values being jf the order of 20 x 103 lb 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 <he advanced composites lend 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 »train 

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 shtar 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 about 20% of that of the unreinforced 
metal. Transverse contraction of boron-aluminium is al- 
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most the same as that of the unreinlorced metal. FKD 49 
(Keviar 49)-epüxy composites are the least dimensionally 
stable, expanding substantially in the longitudinal direction 
and contracting substantially in the transverse direction. 

Thermal conductivity 

Boronepoxy and PRD 49 (Keviar 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^roxiniatcly the same for graphite and boron-epoxy, 
being much lower in this direction. Data were not available 
for 1'RD49 (Keviar 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 substai.tially 
above that of titanium or copper. The specific heat ol 
boron-aluminium is slightly higher than that of boron- 
epoxy or graphite-epoxy. No data were available for PRD 
49 (Keviar 49)-epoxy. 

The author thanks Dr R. P. Reed for consultation and review 
of the completed manuscript. Many thanks are also due 
to the NBS-NOAA library staff of the Boulder Laboratories 
for their assistance in retrieving the documents on which 
this work depended. This research was supported by the 
Advanced Research Projects Agency. 

The use in this paper of trade names of specific products is 
essential to the proper understanding of the work presented. 
Thei  use in no way implies approval, endorsement or re- 
corn «endation by NBS. Generic names 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 

Graphite 

HT-S, HM-S 
HMG-25, HMG-50 
Modmor 1, M 
Thornel 25, 50 
Samco 320 
Fibralloy 300 
GY-70 

Courtaulds Ltd 
Hitco Corp 
Morganite Ltu 
Union Carbide Corp 
Samco Corp 
Monsanto Corp 
Celanese Corp 

ßomn 

Borsic Hamilton Standard Corp 

Qlheis 

PRD 49 (Keviar 49) E. I. DuPont de Nemours, 
Inc 

Resins 

Epoxies 

X-904, X-915 
LRL 2256, LRLB 4617 
CponS28, 1031,58-68R 

Fiberite Corp 
Union Carbide Plastics Co 
Shell Chemical Corp, 

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

Others 

Skybond 703 (polyimide) 
HT-424 (epoxy-phenolic) 

Fkxibilizers, Hardeners 

ZZL0820 
Empol 1040 
DSA    dodecenyl succinic 

anhydride 
BDMA - benzyldimethylamine 
NMA    nadic methyl anhydride 

Boron Composite Products 

SP-272 

5505 
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3.5,4,4.1, 
5,5.1,22, 
47,71 

n 

n« 1, 1.3,2,2.1,  1-1.3,2-2.2, 
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* includes fracture toughness 
'• polybenzimidezole 
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Epoxy 
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Epoxy 
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81 

13,38,63,81 

13 

13 

13, 13.3 

13, 13.3 

29, 44, 
59,60 

44, 59, 
60 

13 

13, 13.3 

13,13.3 

13,13.3 

13,13.3 

13,13.3 

13,13.3 

59,60 

59,60 

includes fracture toughness 
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Thermooptical effects Graphite-Epoxy (13,84), Boron- 
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M/L (67) 

Glass-Melamine a,u (65), e1 (65), X (90) 

Glass- Viton a,u (68) 

GlassPhenyl formaldenhyde a1 (110), X (72),Cp (72) 

SiOi-Epoxy a,u (31), AL/L (28) 

Graphite-Aluminium a,u (thermal cycling effects 6-6.2) 

Graphite-Polyimide o (14, 16-16.3) M./L (14, 16-16.3) 

Steel-Aluminium atu (7, 7.1), e1 (7.1), a1 (7, 7.1) 

Steel-Epoxy a,u (2, 30), f' (2, 30), afu (2), a« (2), 
fc (2), r»'(2) 

Boron/SteelAluminium\otu. f, acu, fc, 0hy, M/L,Cp 

Boron/Titanium- >( 13, 13.3), a»', e«, n« (13) 
Alumininium ) 

Potassium titanate-epoxy X (16), Cp (16) 

Pressure vessel applications 

Glass-filament (19, 20, 39, 42, 46-48, 53, 67, 69, 76, 77, 
91,92,95,96,98-100, 104-108, 113) 

Graphite-filament (8, 10, 10.1, 45, 47, 100) 

Boron-filament (20, 47, 53, 78) 

PRD40-filament($Q,m) 
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Summary;  Elastic Properties 

During the six months preceding 
were conpleted: 

March 1976, the following studies 

(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. 

o 

(2)  Face- 
47.5 nickel was 
ture by a pulse 
only material o 
been determined 
thermo-elastic 
study are given 
perties of iron 

centered-cubic, iron-nicke?, high-permeability alloy.  Iron- 
studied between room temperature and liquid-helium tempera- 

-echo method.  Besides invar, iron-36 nickel, this is the 
f this type for which low-temperature elastic constants have 

Contrary to some previous reports, the room-temperature 
coefficients are normal for this material.  Results of the 
in an accompanying manuscript "Low-temperature elastic pro- 

-47.5 nickel" by H. M. Ledbetter and D. T. Read. 

(3) N. jkel-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. Sei. Engg. 2j0 (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. Sei. 1£ (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," 1975 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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HARDENED ALUMINUM ALLOYS 2014 and 221G+ 
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Abstract 

Elastic properties of aluminum alloys 2014 and 2219 were studied 

in their precipitation-hardened conditions between 4 and 300 K using 

an ultrasonic pulse-echo superposition technique. Results are given 

for longitudinal sound velocity, transverse sound velocity, Young's 

modulus, shear modulus, bulk modulus, and Poisson's ratio. The Young's 

moduli increase about eleven percent on cooling. The shear moduli are 

about ten percent higher than for unalloyed aluminum. All the elastic 

constants show regular temperature behavior. 

Key words: Aluminum alloys; bulk modulus; compressibility; Debye 

temperature; Poisson's ratio; precipitation-hardening alloys; shear 

modulus; sound velocity; Young's modulus. 
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Introduction 

The combination of a high ratio of strength to weight and high 

toughness at low temperatures makes many aluminum alloys attractive for 

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. All 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 to be the first report of a 

complete set of low-temperature polycrystalline elastic constants for a 

series of 2000-type aluminum alloys. 

Elastic constants are necessary parameters in the design of criti- 

cal load-bear^ members; they relate the stress applied to an object 

to its change in dimensions produced by the stress. Elastic constants 

are also used in analyzing the fracture properties of a material. The 

factor E/(l - v2), where E is Young's modulus and v is Poisson's ratio, 

occurs frequently when the strength properties of materials are con- 

sidered. 

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

However, the inaccuracies of those data were high, and the shear modulus 

was not reported. Thus, neither the bulk modulus nor Poisson's ratio, 

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 = pv2, 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 low, about one part in 10 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 temperature. 

Materials 

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/cm3v respectively. Metallographic 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 

■1 
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2014 alloy was obtained as a 7.6-cm thick forging, and the 2219 alloy 

was received in tho 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 bonded 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 25° 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 less than +1%. 

Transducer and bond effects were minimized by measuring the transit 

times for both the one-transducer (usual) case and the two-transducer case, 

using "identical" transducers and bonds. The corrections were about one 

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%. 

The main limitation 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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Results and Discussion 

The measured longitudinal moduli C = pv^ for both alloys are shown 

in Fig. 1. The small steps between adjacent data points for the 2219 

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 longitudinal moduli of both the 20H and the 

2219 alloys are quite regular. 

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 

alloys are also quite regular. The data shown in Figs. 1 and 2 were 

fitted to a function of temperature suggested by Varshni[4J: 

C ■ C0 
exp(t/T)-l' 

(1) 

mm 

where C is any elastic stiffness constant (C] and Ct in this case), Cu, 

s, and t are the fitting parameters, and T is the temperature. The fitted 

curves are shown along with the data in Figs. 1 and 2. Values of the fit- 

ting parameters are given in Table 2. Average differences between the mea- 

sured moduli and the fitted curves were about 0.05%. 

The elastic Debye temperatures for these alloys were calculated 

from their elastic constants at T = 0 K, and they are given in Table 2. 
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As expected from their higher shear moduli (discussed below), the alloys 

have higher Debye temperatures than "pure" aluminum where 0 = 431 K. 

Values t  '.e longitudinal and transverse moduli calculated using 

the fitted Va   1 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, 

are given by the following formulas[5]: 

G » Ct « pv% , 

E - 3G(C1 - 4/3 Ct)/(C1 - Ct) 

(2) 

(3) 

V 

I 

•* 1 

1 
y ; -v2 

and 

B ■ C1 - 4/3 Ct, 

1/2{C1 - 2 Ct)/(C1 - Ct) 

(4) 

(5) 

The four elastic constant;, obtained 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 shewn by the data in Table 3, changes in the elastic constants of 

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 

> j 
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observed in alloys based on iron[6] and coppe^ 7], two other common base 

metals. Most of the changes in the elastic constants of these aluminum 

alloys with temperature occur above liquid-nitrogen temperature, 77 K. 

Tne outstanding feature of the data shown in Figs. 1-5 is the 

regular temperature dependence of all the elastic constants. These two 

aluminum alloys are good examples of materials with simple, ordinary 

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^umCS]. 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 Isotropie 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 

50 

—y—r-;«■■»   ^L.1 
TIIWMW^MBI   H   ll    M mimi'ir ■ .-^'»««■-■■-—*-—-■ mmM&&M^^m^»*%SK3£ 



higher Young's moduli (^ 9%), higher shear moduli (^ 10%), higher bulk 

moduli {\ 2%),  and lower Poisson ratios (^ 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 

lower 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. %a 

Alloy Cu   Fe   Mg  Mn   Sn  Ti Zn   Zr   Al 

2014  4.4      0.05  0.8   0.8 Bai 

2219  5.4  0.20 0.01  0.26  0.15 0.16  0.12  0.09  0.16  Bai 

a For 2014, nominal composition. For 2219, plasma arc analysis. 

Table 2 Varshni-function parameters determined from a least-squares 
fit of the data (see equation 1) and elastic Debye temperature, 0 

Alloy   Mode   Co(1011 Mm"2)   s(l011 Nm~2)   t(K)   Q(K) 

2014 

2219 

1 

t 

1 

t 

1.241 

0.3152 

1.220 

0.3250 

0.0781 

0.0339 

0.0859 

0.0345 

217 

212 

230 

209 

439 

443 
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Table 3 Values of the elastic constants of two aluminum alloys 
at selected temperatures in units of 10^ Nm'S except 
v, which is dimensionless 

Alloy Temperature(K) 
Pre 
B 

sent 
E 

R e s u 
G 

1 t s 
V 

Previous 
results3 

E 

2014 300 .791 .757 .282 .341 .73 

200 .805 .794 .297 .336 .74 

100 .817 .827 .311 .331 .76 

0 .821 .838 .315 .330 — 

2219 300 .758 .774 . .291 .330 .72 

200 .772 .812 .306 .325 .72 

100 .784 .845 .320 .320 .74 

0 .787 .857 .325 .318 — 

a 2014 alloy in the T-6 condition, average of longitudinal and trans- 
verse, interpolated data; 2219 alloy in the T-81 condition, average 
of longitudinal and transverse, interpolated data. 

List of Figures 

Fig. 1. Longitudinal modulus C-] = pv| for two 2000-series aluminum 

alloys in precipitation-hardened condition as a function of 

temperature. 

Fig. 2. Shear modulus G = Ct = pv^ for two aluminum alloys. 

Fig. 3. Young's modulus for two aluminum alloys. 

Fig. 4. Bulk modulus for two aluminum alleys. 

Fig. 5. Poisson's ratio for two aluminum alloys. 

54 

"" '^smssj 



T m ■'™SSPWPPP«»5'»W«PSS : i  - ■■■ 

I 

1.26 

0 50       100       150      200      250      300 

TEMPERATURE (K) 

Fig. 1. Longitudinal modulus C, = pv^ for two 2000-serifis aluminum 

alloys in precipitation-hardened condition as a function 

of temperature. 
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Fig. 2. Shear modulus G - Ct - pvj for two aluminum alloys. 
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Note to readers: Pages 58-65 are omitted 
from this report. This material will be 
published in •'e future. Interested readers 
may consult the authors for pre-publication 
information on this subject. 
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Snort Communication 

Low-temperature Elastic Properties of a Nickel—Chromium—Iron—Molybdenum Alloy* 

W.I''. WESTON+ and H.M. LEDBETTER 

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

(Received in revised form May 12, 1975) 

The low-temperature elastic properties of two 
nickel - chromium - iron 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 pioperties 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 net NBS endorsements of particu- 
lar products. 

f 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 is made precipitation harden- 
able by 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]. Us 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 
between 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 

TABLE l 

Composition and properties of the alloy 

Chemica composi -ion, mill ana vsis ness Mass density at 
(wt.%) IUPH No., 1 ktjload) 294 K U/cm3) 

Ni Cr Fe Nl) + Ta Mo Ti 425 8.229 
53.73 18.49 17.62 5.17 2.98 1.01 

Al C Mn hit S Cu Condition: As-received hot-rolled 
0.58 0 05 0.08 0.17 0.007 0.04 
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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,-pwf (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 

Ct-pyf-0 (2) 

is shown versus temperature in Fig. 2, where 
i^t is the transverse sound-wave velocity and G 
is the shear modulus. Young's modulus E, the 
bulk modulus B and Poisson's ratio u were 
calculated from the formulas [5]: 

£ = 3Ct(C1-Act)/(C1-Ct), 

v =(l/2)(C1-2Ct)/(CI-Ct); 

(3) 

(4) 

(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 Cj 
and Ct were fitted to a theoretical relationship 
suggested by Varshni [6]: 

C-C0-s/(ef/T-l) (6) 

i        i      ■ T r I            1 
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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 calcu- 
lated from Cj and Ct using standard formulas 
[1] and was found to be Ö = 446 K at absolute 
zero. For comparison, 0 (nickel) = 476 K and 
0 (Inconel X-750) = 474 K. 

DISCUSSION 

Basically, the low-temperalure elastic prop- 
erties of Inconel 718 are very similar to those 
of Inconel X-750. The higher-iron, lower-nickel 
content 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 Cj, which show regular 
behavior. By regular behavior is meant: con- 
tinuously decreasing with increasing tempera- 
ture, linear behavior at highe*- temperatures, 
relative flatness at low terrperatures, and zero 
slope at T = 0 K. Both materials show slight 
anomalies in the temperp^--e dependence of 
the bulk modulus. While Inconel X-750 shows 
a concavity upwards in thei^T1) 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 Ci and Ct are a few parts in 104. Thus, 
this anomaly (though small) is believed to be 
real and not a measurement-computational 
artifact. 

The interpretation of the naximum in the 
B(T) curve of Inconel 718 can only be specu- 
lative. Unlike Inconel X-750, it was verified 
during the present study that Inconel 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 Döring effect that results from a large 
volume magnetostriction accompanying a 
paramagnetic-to-antiferromagnetic 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 constants and the tempera- 
ture derivatives of E and G. It 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 

E_ 
2G 

gives 

1 d^ 
v AT 

E 
E-2G 

(IdE     ldG\ 
\E dT    GUT) ' 

(7) 

(8) 

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 JB 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 10nN/m2, is identical with the present value. 

This work was supported in part by the 
Advanced Rejearch 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-temperature elastic properties of four 
wrought and annealed aluminium alloys 

E. R. NAIMON«, H. M. LEOBETTER, W. F. WESTON 
Cryogenics Division, Institute for Basic Standards, National Bureau of Standards, Boulder, 
Colorado, 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 
longitudinal sound velocity, transverse sound velocity, Young's modulus, shear modulus, 
bulk modulus (reciprocal compressibility), Poisson's ratio, and elastic Oebye 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 
mechanical 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 understanding its mechanical 
behaviuur. 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 modulus, 
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 = pv2, where p is the mass density. Different 
elastic constant 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 ca i 
be made as nearly continuously as desired; 
relative precision is high, about one part in 105 

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 clastic 
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 
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become espeeialK important in applications 
involving high stresses, large structural parts, or 

precision parts. 

2. Materials 
Aluminium alloy 1100 is commercial quality 
aluminium. It has good corrosion resistance, high 
electrical and thermal conductivities, high duc- 
tility, but lov\ strength properties. Strength can 
be improved somewhat by strain-hardening 
withoi t significant!) decreasing other properties. 
The main impurities in this alloy are usually iron 

and silicon. 
Aluminium alloy 5083 isc'. racteri/ed by good 

welding properties and b/ good corrosion 
resistance in marine environment, Magnesium is 
the major alloying element and. along with 
manganese, produces a moderately strong, yet 
ductile alloy, whi'li does not respond to heat- 
treatment. The strength properties of 5083 
improve with lower temperatures. The main 
advantage of 5083 seems to be its weldability; 
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 liquefied natural gas; these 
applications require many millions of kilograms 

of material. 
Aluminium alloy 7005 is a heat-treatable alloy 

containing zinc and magnesium, which are 
balanced to obtain a natural-ageing alloy. 
Chromium is added to reduce corrosion of the 
heat-alfected weld /ones, and zirconium is 
added to reduce weld cracking and to improve 

mechanical properties, 
Aluminium alloy 7075 contains zinc as the 

major alloying clement,  together  with a small 

percentage of magnesium This alloy can be 
precipitation-hardened to produce high strength. 
(However, the studies reported here were made 
on annealed alloys,) 

Details of compositions, heat-treatments, 
mass densities, and hardnesses of the alloys are 
given in Tables I and II. 

3. Experimental 

Alloys were obtained from commercial sources: 
1100 and 7075 in the form of 1.9 cm rods. 5083 
and 7005 in the form of 1.9 cm thick plate. 
Cylindrical specimens 1.6 cm diameter and 1.6 
cm long were prepared by grinding. Opposite 
faces were Hat and parallel within 2.5 |im. 
Specimens were annealed at a pressure of 
5 x 10 " Torr, or less, and cooled in the 
furnace. Hardnesses were determined by stan- 
dard metallurgical methods, and mass densities 
were determined by Archimedes's method using 
distilled water as a standard. 

Quart/ transducers (10 MHz) were bonded to 
the specimens with phenyl saücylate for room- 
temperature measurements and with a stopcock 
grease for lower temperatures, in a few cases, 
failure of these bonds at very low temperatures 
required using a silicone fluid (viscosity =- 2 > 
lO' P at 25 C) for bonding. The low-temperature 
apparatus was described previouslv [1). 

A pulse-superposition method was used to 
determine the sound-wave velocities over the 
temperature range 300 to 4 K. Details concerning 
this method were given elsewhere [2] 

4. Results 
Quantities that were measured directlv are the 
longitudinal   and   the   transverse   sound-wave 

Alkn Al ( r ( u tc My M ii Ni Si Ti V Zn Zf 

IK«! Bui 0.2 0.6 0.1 

S0M Bal 0 1} 004 o.iy 4.75 0.63 0.003 o.os 0.01 0.007 004 

700? Hal o.:s • 0.1 ■ 0.4 1.3 ■ 0.2 < OJ •  0.1 4.6 o.t 

7075 Ha! 0.3 l.fi 0.7 2.5 0.3 0.5 0.2 5.6 

TABLE 11 Properties of IIK alloys 

Alloy 

1100 
5083 
7003 
7075 

1310 

Hardness (DPH no , 

I kg load) 

2X 
7« 
77 
67 

Mass density at 
294 K (g cm •') 

2,818 
2.666 
2.779 
2.721 

Condition 

Annealed 345 C; furnace cooled 
Annealed 413 C, 1 h; lurnace cooled 
Annealed 400 C, 3 h; lurnace cooled 
Annealed 413 C, 3 h; furnace cooled 
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Figure   I  Temperature variation of the 
longitudinal modulus. 

150 200 

TWCRATURE  (K) 

velocities v\ and ut. From these, the longitudinal 
modulus, C'I, and the transverse modulus, Ct, 
were calculated according to 

and 

Ci = pvr 

Ct = pvt
2 

(I) 

(2) 

These moduli are shown in Figs. 1 and 2 for the 
temperature range studied. No corrections were 
made  for  the  change  of mass  density  with 

temperature; for aluminium this introduces a 
maximum error, over 300 K, of 0.4",,. Errors in 
the absolute velocities are believed to be about 
|% or less. All the other elastic constants that are 
used to describe polycrystalline aggregates are 
simply related to these two moduli. The moduli 
considered here - the shear modulus G, Young's 
modulus £, the bulk modulus B, and Poisson's 
ratio v - are given by: 

Ct. (3) 

0.324 

-M 

1 

0.300 

0,252 - 

150     200     250 

TEMPERATURE  (K) 
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Figure  2 Temperature variation of the 
transverse or shear modulus. 
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and 
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£ = 3G(C) - fCt)/(Ci - CO , (4) 

fi - d - f Ct. (5) 

v - UCi - 2C0/(Ci - CO . (6) 

The elastic constants obtained from these 
relationships are shown is functions of tempera- 
ture in Figs. 3 to 5. Values of the elastic constants 
at selected temperatures are given in Table III. 

The temperature variations of the elastic 
constants can be described mathematically in 
various ways.  In  this case,  the temperature 

dependences of both C] and Ct were fitted to a 
theoretical relationship suggested by Varshni [3]: 

C'C'-^TZn' (7) 

where C is any elastic constant (Ci and C| in this 
case), C°, s, and t are adjustable parameters and 
T is temperature. The value of C at 7" = 0 K is 
C°. and - s/t is the high-temperature limit of the 
temperature derivative dC/dF. By invoking an 
Einstein oscillator model of solids, it can be 
shown (in the absence of electronic effects) that 
/  is   the   Einstein   characteristic   temperature. 

I 

"794 
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0.764 

m   0.754 
o 
~  0.744 
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i   0.7?4 

0.714 
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Figure 3 Temperature variation of Young's 
modulus. 
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Figure 4 Temperature variation of the 
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Figure 5 Temperature variation of 
Poisson's ratio. 
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Parameters C , v, and / (determined by a least- 
squares fit of Equation 7 to the data) are given 
in   Table   IV.   Average   differences   between 

TABLE IV HL'ameters in Equation 7 

Alloy   Mode    f" (10" N m 2)   i(10llNm2)     MK) 

where 

1100    1 1.136 0.0903 255.9 
0.2892 0.0301 206.9 

5083    1 1.151 0.0926 235.3 
0.3067 0.0381 206.7 

7005    1 1.175 0,0928 240.0 
0.2963 0.0327 203.1 

7075    1 1.126 0.0707 219.6 
0.2961 0.0344 223.3 

measured and curve values are 0.03",, and 0.06",, 
for the longitudinal and transverse moduli, 
respectively. Room-temperature values of the 
temperature coefficients of the elastic moduli are 
given in Table V; these values occur in the linear 
high-temperature region. 

TABLE V Temperature   coefficients   of   the   elastic 
constants at room temperature (10 ' K  \ 

Alloy 
1  cl« 

B d7' 

1 d£ 

£d7" 

1  dO 

c dr 
1    d! 

1100 -2.01 -5.01 -5.37 1.41 
5083 -1.92 -6.06 -6.58 2.08 
7005 -2.13 -5,48 -5,88 1 54 
7075 - 1.58 -5.08 -5.52 1.75 
Aluminium* -1.97 -5.53 -5.77 1.80 

•Derived from single-crystal data in [4]. 

The  elastic   Debye  temoerature, 6,  can   be 
calculated from the elastic wave velocities by [5]: 

9 = K<v (8) 
1314 

(9) 

Here /) is Planck's constant, A is Boltzmann's 
constant, N is Avogadro's constant, p is the mass 
density, and A is the effective atomic weight. The 
average velocity is given by 

<„> = wr + 2in 
(10) 

The elastic Debye temperatures for the four 
alloys at F = OK, and also for unalloyed 
aluminium are given in Table VI, 

TABLE VI Elastic Debye temperatures at 7' = 0 K 

Alloy (MK) 

1100 426.2 
5083 440.4 
7005 425.9 
7075 422.2 
Aluminium 430.6* 

•Calculated from single-crystal data in [4], 

5. Discussion 
As shown by the data in Table HI, changes in the 
elastic constants of aluminium and its alloys 
between 300 and 4 K are about 4"„ for R and 
f, and 12",, for E and G. These changes are 
somewhat larger than those observed in alloys 
based on copper or iron, for example. Most of 
the changes occur above about 100 K. Below 
this temperature the elastic constants change 
only slightly with temperature. Thus, any 
changes in the mechanical behaviour of these 
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alloys in this temperature region probably cannot 
be ascribed to an elastic origin. 

The temperature behaviour of the elastic 
constants of the aluminium alloys reported on 
here is quite regular. The moduli decrease 
regularly with increasing temperature and the 
modulus-temperature curves are relatively flat at 
low temperatures. Also, in accord with the third 
law of thermodynamics, the slopes dC/dT 
approach zero at zero temperature. A linear 
temperature dependence is exhibited above about 
150 K, which is roughly one-third of the Debye 
temperature. Besides indicating the absence of 
magnetic or structural transitions, this ideal 
temperature behaviour suggests that the an- 
harmonic properties of these alloys can probably 
be explained by a lelatively simple model. 

These alloys were not examined for texture. 
However, texture would have little effect on their 
elastic properties. Aluminium single crystals are 
only slightly anisotropic; the Zener anisotropy 
ratio for aluminium is 1.2; it is 1.0 for the 
Isotropie case. Aluminium's isotropy is purely 
accidental since aluminium, because of its three 
valence electrons, has a large band-structure 
contribution co the elastic constants [10]. This 
contribution is usually anisotropic; the aniso- 
tropy is cancelled in the case of aluminium by 
other energy terms. Thus, since aluminium single 
crystals are only slightly anisotropic, even a 
strongly textured polycrystalline aggregate of 
aluminium would have nearly Isotropie elastic 
behaviour. 

It should be emphasized that the data reported 
here are dynamic (adiabatic) rather than static 
{isothermal); they apply strictly to rapid rather 
than slow loading. However, the differences 
between adiabatic and isothermal elastic con- 
stants are small. They become smaller at lower 
temperatures because of the diminishing thermal- 
expansion coefficient, and they vanish at zero 
temperature. Using formulae given by Landau 
and Lifshitz [6] it can be shownforaluminiumat 
room temperature: 

Es 
0.005, 

ßs DT 

BT 
= 0.045  (11) 

fs n 
i,T 

0.020, and 
Gs — Gi 

- 0. 
ug 

where subscripts S and T denote the adiabatic 
and the isothermal cases, respectively. For £, 
ß, v and G. these corrections are typically in the 
ratio 1:9:4:0 ifv has a value near ^. 

Effects of alloying on the elastic properties of 
aluminium cannot be accurately determined 
from the present study because of the large 
number of alloying elements and their inter 
actions. Such effects have been considered 
elsewhere [11]. However, some general observa- 
tions can be made concerning alloying. Dis- 
regarding alloy 1100, with respect to "pure" 
aluminium, the shear modulus and Young's 
modulus increased in all cases while the bulk 
modulus decreased, and by a larger percentage. 
Poisson's ratio decreased in all four alloys. The 
1100 alloy, which contains only 1% of impurities, 
presents an interesting case. The data indicate 
that while the shear modulus of this alloy is 
identical to that of unalloyed aluminium, the bulk 
modulus is higher by about 5%. Since the bulk 
modulus is not measured directly, but is cal- 
culated from the difference of two velocities 
according to Equation 5, a compounding of 
errors may account for this discrepancy. If the 
effect is real, then it has important consequences 
for the problem of averaging single-crystal elastic 
coefficients to obtain the bulk modulus of a 
polycrystalline aggregate. 

Finally, approximate relationships among the 
elastic constants are indicated. For all the alloys 
and for all temperatures, as a first approximation. 

and 

S * £ % (8/3)6- 

(12) 

(13) 

These should be useful for many engineering 
purposes where only rough numbers are needed 
and only one of the elastic constants is known. 

6. Crnclusions 
From the results of this study the following 
conclusions are drawn: 

(1) all the elastic properties of aluminium 
alloys 1100,5083,7005, and 7075 behave regularly 
with respect to temperature; 

(2) for all alloys studied, the temperature 
behaviour of both Ci and Ci can be described 
accurately by a theoretical relationship suggested 
by Varshni; 

(3) in this series of alloys, in the annealed 
condition, alloy 5083 has the highest Young's 
modulus, the highest shear (rigidity) modulus, 
and the lowest Poisson's ratio. Alloy 7005 has 
the highest bulk modulus. 
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Low-temperature elastic constants of a superconducting coil 
composite 

W. F. Weston* 

Cryogenics Division. Institute for Basic Standards, National Bureau of Standards. Boulder. Colorado 80302 
(Received 27 February 1975; in final form 17 June 1975) 

A resonant piezoelectric oscillator method for measuring elastic moduli was applied to composite materials. 
The complete set of elastic compliances of a superconducting coil composite was determined 
semicontinuously between 4 and 300 K  Also, two moduli of a layered fiber-glass-epoxy composite were 
determined; this compos: •■ is essentially the matrix material of the coil composite. The Young's moduli, 
shear moduli, Poisson ratios, and elastic stiffness coefficients are also reported. Results agree closely with 
elastic data obtained by conventional testing methods. 

PACS numbers: 62.20.D, 74.50. 

I 

I. INTRODUCTION 

The elastic properties of composite materials are 
currently of considerable interest. Many composites, 
because they have high mechanical strength and a high 
modulus-to-density ratio, are useful as strong light- 
weight structural materials. Some composites have 
been designed for use at low temperatures, for exam- 
ple, as superconducting coils for high-field magnets. 
However, few elastic data are available for composite 
materials, particularly at low temperatures. To the 
author's knowledge, no complete sets of elastic data 
are available for composite materials at 4 K. Some data 
are useful as design parameters, and elastic constants 
are among the most accurately known fundamental 
physical properties of solids. 

Because composite materials are usually highly 
anisotropic, the determination of their elastic constants 
is much more difficult than for the more usual quasi- 
isotropic engineering materials. Conventional methods 
of measuring tlie elastic properties of solids have been 
applied to compoeites with only limited success. These 
methods usually require relatively large specimens and 
considerable time and effort, especially if a complete 
set of elastic constants is required.1 These methods, as 
applied to composites, include vibrating2-3 or resonant- 
beam4-6 tests, tensile or compressive tests, 1•7,8 torsion 
tests,1,9 bending tests,1-10 and pressure tests.11"13 Gen- 
erally, the elastic constants measured by these methods 
are less accurate than those acquires by ultrasonic 
tests. 

Ultrasonic pulse techniques are limited by the neces- 
sity of using wavelengths that are large compared with 
fiber diameters and at the same time sufficiently small 
compared with the dimensions of the specimen so that 
true plane-wave conditions can exist. Since ultrasonic 
pulse methods art? typically performed at megahertz 
frequencies, this condition cannot be met for many 
composites. If the wavelength is not larger than the 
fiber diameter, the wave is attenuated and scattered. 
Ultrasonic pulse-echo methods have been applied to 
some metal-matrix composites with extremely small 
fibers.14-18 Even in these cases the pulse-echo    ains 
are poor because of high attenuation and dispersion.1' 
In fact, Achenbach and Herrman17 predicted large dis- 
persive effects for shear waves propagated in the fiber 
direction, even when the wavelength is much larger 

than fiber diameters. Zimmer and Cost18 verified this 
prediction by measuring sound velocities in a unidirec- 
tional glass-reinforced epoxy-fiber composite. For 
wavelength-to-fiber diameter ratios of roughly 50, dis- 
persion increased some phase velocities by a factor of 
2. Elastic constants of some carbon-fiber-reinforced 
plastics have also been measured by ultrasonic pulse- 
echo techniques.19-21 

Attempts to use 10-MHz pulse-echo techniques on the 
composite studied herein were unsuccessful. Both longi- 
tundal and shear waves were propagated along all orien- 
tations and produced no detectable echoes. This is un- 
derstandable since the filament sizes for this composite, 
as described in the text, are larger than the sound wave- 
length. Larger specimens than are currently available 
would be needed for 1-5-MHz pulses, although it is 
doubtful that even these frequencies would produce use- 
able echo patterns for this material. 

The ultrasonic imnu .dion technique, as described by 
Markham,22 is fast and accurate and offers the possi- 
bility of measuring all the elastic properties on one 
specimen. However, this technique is also limited by 
fiber size and by sample dimensions.23,24 The choice of 
ultrasonic modes that can be propagated in a given direc- 
tion in a specimen is also limited, and the technique is 
inapplicable to low-temperature measurements. 

Zecca and Hay25 avoided the problems encountered 
with megahertz frequencies by using electrostatic 
transducers to generate and to detect resonant kilohertz 
frequencies of a metal-matrix composite. Electrostatic 
transducers, however, cannot be used with nonmetallic 
materials. 

The most widely used ultrasonic technique, using 
kilohertz frequencies, is the resonant piezoelectric 
oscillator. This method is due principally to Quimby 
and associates.26 Quimby thoroughly analyzed the vibra- 
tions of solid rods driven by a piezoelectric crystal, and 
Balamuth27 first employed drivers and specimens of 
matching fundamental frequencies, Rose28 extended this 
method to torsional oscillators. Basically, the piezo- 
electric properties of quartz are used to generate and to 
detect resonant frequencies of an oscillator consisting 
of one or two quartz crystals, a specimen, and perhaps 
a dummy rod, all cemented together. This method has 
been used to measure elastic moduli at both high29'30 and 
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FIG. 1. Resonant piezoelectric oscillator apparatus. 

low27'28'30'31 temperatures, and has worked well with both 
metals32'33 and nonmetals.27-31 Thus, this technique is 
well understood both theoretically and practically, and it 
would seem to be well suited for testing composites. 
The long wavelengths used (typically on the order of 
centimeters in the Kilohertz region) are much larger 
than fiber dimeters, and, Jince the technique employs 
standing waves rather than traveling waves, specimen 
sizes can still be kept small. 

In the present paper it is described how this resonance 
technique was used to measure the complete set of 
elastic compliances of a superconducting coil composite 
which was essentially composed of an epoxy matrix and 
unidirectional copper-niobium-titanium fibers. The 
compliances were measured semicontinuously from 300 
to 4 K. Results are given also for an epoxy-fiber-glass 
layered composite. The results generally agreed closely 
with the few existing static measurements on the same 
composite. 

II. EXPERIMENTAL PROCEDURE 

A. Resonant piezoelectric oscillator 
The three-component resonant piezoelectric oscillator 

technique was originally described by Marx,34 and was 
discussed in detail by Fine.35 The technique consists of 
bonding quartz-driver and quartz-gauge piezoelectric 
crystals to a specimen to produce and to detect a 
standing longitudinal (or torsional) resonant wave. Each 
component's length is adjusted so that its resonant fre- 
quency is closely matched to that of the other compo- 
nents. The system is then driven by the driver trans- 
ducer at its resonant frequency, which is monitored by 
the gauge crystal. 

Longitudinal waves are excited by a-quartz bars of 
square cross section, excited into longitudinal vibra- 
tion by an ac signal applied to full-length adherent elec- 
trodes (see Fig. 1). The driver quartz was fully gold 
plated on two parallel sides (z faces') with a shallow 
notch cut in the centpr of each electrode. Fine gold- 
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plated tungsten wires, seated in these notches, served 
to suspend the resonator assembly at displacement 
nodes and provided the necessary electrical contact. 
The gauge quartz was gold plated only over the center 
third of the two parallel faces and electrical contact 
was made through fine wires adhered into the notches 
with silver conducting paint. The electric axes of the 
driver and the gauge crystals were perpendicular to 
reduce electrical pickup. 

The longitudinal oscillator apparatus is illustrated 
in Fig. 1. The driver-quartz crystal was suspended by 
0.003 in gold-plated tungsten wires. The driver mounts, 
which were aluminum, were removed during the tor- 
sional measurements, since the torsional driver crystal 
was suspended between the Bakelite posts by nylon 
threads. The specimens were cylindrical for all mea- 
surements. The chromel-constantan thermocouple was 
placed near, but not touching, the specimen. The en- 
tire apparatus was sealed in a thin-walled stainless- 
steel can. The can was partially evacuated, placed in 
the ullage of a helium Dewar, and lowered stepwise to 
achieve cooling. 

The torsional quartz crystals were circular with 
their length in the x direction and with four gold-plated 
electrodes running the length of the crystal.36 Opposite 
pairs of electrodes were electrically connected. The 
driver quartz was suspended vertically by means of fine 
nylon treads attached with varnish to opposite sides of 
the quartz near a displacement node of vibration. 

The quartz crystals were bonded together with a semi- 
permanent adhesive, Eastman 910." The specimens 
were right-circular cylinders and were also bonded to 
the gauge quartz with the same adhesive. For some 
torsional experiments, this cement occasionally failed 
at low temperatures; such experiments were repeated 
until successful. Other materials such as vacuum 
grease and epoxy resin have been used as low-tem- 
perature bonding agents.18 

The quartz crystals used had resonant frequencies of 
60 and 100 kHz. Most of the measurements were done 
with the 60-kHz quartz crystals (^-in. square cross 
for longitudinal, and ^ in. in diameter for torsional), 
but some were done with the 100-kHz crystals U in. in 
diameter). The mass of each driver-gauge combination 
was noted and the resonant frequencies were monitored 
from 300 to 4 K. The length of each specimen was 
determined such that its resonant frequency for the en- 
tire temperature range was within approximately 5% of 
the oscillator assembly although in some cases the 
specimen frequency differed by as much as 10%. The 
mass, length, and diameter of each specimen were 
noted and its mass density was determined by Archi- 
medes's method using distilled water as a standard. 
The specimen was then cemented to the quartz crystals 
and the resonant frequency of the oscillator was moni- 
tored from 300 to 4 K. No thermal contraction correc- 
tions were made; for the coil composite described be- 
low this introduces a maximum error (over a 300 K 
range) of about 0.5%.39 Maximum uncertainties in the 
frequency measurements are estimated to be about one 
part in 10'. 
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B. Electronics 

Most workers who have used the piezoelectric oscilla- 
tor technique have employed electronics similar to those 
described by Marx.'4 This system requires manual ad- 
justment of the input frequency to the driver crystal to 
keep the oscillator at resonance. A less tinie-consuniinn 
iuid more accurate system is the regenerative system 
designed by Gerk'" and slightly modified by Johnson. " 

Qerk'a system consists primarily of a closed loop 
containing an amplifier and the driver-gauge combina- 
tion of piezoelectric crystals, which act as a resonant 
element, with a feedback circuit to control the gain of 
the amplifier. This system is based on the principles 
of an oscillator; that is, the output of an amplifier is 
fed into the input through a frequency-selective network 
(the quartz crystals). The phase shifts are corrected 
with a variable phase shifter. A more complete de- 
scription of the system was given by Gerk.40 This sys- 
tem locks onto the resonant frequency and automatically 
stays at the resonant frequency if this frequency 
changes, due to a change of the specimen's environ- 
ment, lor example. 

C. Specimens 

The superconducting coil composite is fully de- 
scribed elsewhere.39 Basically, the coil is composed 
of a copper-stabilized niobium-titanium wire (0.56 
xC.72 mm cross section) coil impregnated with epoxy. 
The wire layers are separated by layers of dry fiber- 
glass cloth (0.1 mm thick). The copper-to-supercon- 
ductor volume ratio of the wire is 1.8-1. The wire-to- 
epoxy cross-sectional area fraction is about 3 to 1. The 
coil dimensions were approximately 19 cm i.d., 24 
cm o.d., and 10 cm long. 

Coordinate axes were chosen to coincide with the 
specimen axes. The longitudinal axis (3 axis) coincides 
with the axis of the wire, which was assumed to have 
zero helix angle. The 1 and 2 axes lie along the radius 
and coil axes, respectively, and form an orthogonal 
set with the 3 axis. The symmetry of the coil (ortho- 
rhombic) requires nine elastic constants to characterize 
the material. By assuming the material to be trans- 
versely Isotropie and by neglecting the effects of curva- 
ture, the number of independent elastic constants is re- 
duced to five. An orthotropic body with transverse iso- 
tropy has the same symmetry as close-packed hexa- 
gonal crystals such as magnesium and zinc. Justifica- 
tion for equating the 1 and 2 axes is given elsewhere,39 

and additional experimental data show that the effect of 
curvature on the moduli is minor.42 

The masses , lengths, and angles between the speci- 
men axis and the 3 axis are given in Table I. The den- 
sity of the coil composite was found to be 6.000 g/cm3. 

Besides the superconducting coil, some specimens 
composed only of the fiber-glass cloth and epoxy were 
available. The fiber-glass—to—epoxy volume ratio in 
these samples was approximately the same as in the 
cuil cuinposile. Measarernents were made on two speci- 
mens of this material. Dimensions and orientations of 
these specimens are also reported in Table I, with the 
angle ö corresponding to the angle between the speci- 

TABLE I. Dimensions and orientations of specimens. 

Specimen      Diameter Mass Length e 
No.                 (In.) (g) (cm) kleg) 

Miperconducting coil ci mposite specimens 

1                     0.1250 0.540 1.1128 90 
2                       Ü. 1250 0.925 1.9439 0 
3                       0.1863 1.081 1.0818 0 
4                       0.1890 1.248 1.1481 90 
5                       0.1875 1.874 1.7600 80 
0                       0.1851 1.327 1.2555 60 

Epoxy-fiber-glass  composite specimens 1 

1                     Ü.1875 0. 885 2.5387 0 
2                    8.1878 0.520 1.4862 0 

men axis and the direction parallel to the layers of 
fiber-glass cloth. The density of this material was 
found to be 1.931 g/cm3. This material can also be 
considered transversely Isotropie, if the fiber-glass 
is considered transversely Isotropie. Thus, five con- 
stants are again needed to completely characterize the 
material elastically. Cylindrical specimens of only one 
orientation were available; thus, only two elastic con- 
stants of the fiber-glass—epoxy matrix material were 
Getermined. 

III. RESULTS 

The directly measured quantity in these measure- 
ments is f0, the frequency of the three-component piezo- 
electric resonator. For longitudinal resonance the fre- 
quency of the specimen (fj can be found from /„, the 
frequency of the driver-gauge quartz assembly (/), the 
mass of the specimen (m,), and the mass of the quartz 
(m,) «: 

/°=/S + (/S-/;K/m,. (1) 
This formula is more exact than the approximation 

f,=fo + if0-f,Wm,' (2) 
which is usually quoted and used for resonant 
oscillators.34 

The formula for the torsional oscillator is somewhat 
more complicated since the moments of inertia (rather 
than the masses) of the components are involved38: 

(3) 

Here, rg is the radius of the quartz and ra is the radius 
of the specimen. 

The Young's modulus E or shear modulus G for the 
particular orientation of the specimen is given by 

£orG = 4Z,,/JP- (4) 

E is found from the longitudinal-mode fund -.mental fre- 
quency and C is found from the torsional-mode funda- 
mental frequency. In Eq. (4), L is the specimen length 
and p is the mass density. 

Thus, the measured quantities are the Young's and 
shear moduli, which are directly related to the elastic 
compliances Sly. However, if the wavelength is not 
much larger than the sample dimensions, a correction 
for the Poisson contraction (or lateral motion) must be 

/j-/j+(/s-/;)»vVn«.»i 
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TABLE II, Experiments performed on superconducting coll 
composite. 

Exp.     Spec,    Mode    6 
No.       No. 

Measured quantity 

L 90 

/. 0 

T 0 

T 90 

L 60 

7" 60 

'" «: 

G". 
SAA + Sfi| 

^fcfino 
16 

«"«•"gSn-f SSJ + OSU + SS« 

G/fcBO» »■6(,,•    35I1 + 3533-6S13 + 2544 + 3S66 

applied to Young's modulus." When the length-to-diam- 
eter ratio is 10 to 1, this correction amounts to about 
one part in 103. 

The value of Young's modulus for an arbitrary direc- 
tion in a specimen with transverse isotropy is given in 
terms of the elastic compliances by44 

l/.e = S11sin4e + S33COS4e + (2Slj+S44)sin2ecos2e,   (5) 

where 9 is the angle between the specimen axis and the 
unique axis. Similarly, the shear modulus is 

(6) 
l/G=S44 + (S11-Si2-iS44)sin2e 

+ 2(S11+S33-2S13-S44)sin2ecos2e. 

Most measurements were made during cooling. All 
experiments were performed at least twice, and any 
unusual behavior was examined on heating as well as 
cooling, for reversibility. 

A. Superconducting coil composite 

Measurements made on the coil composite are listed 
in Table n. Again, 8 is the angle between the specimen 
axis and he 3 axis (longitudinal axis). The mode speci- 
fies either longitudinal or torsional oscillations. The 

UHPIHATU«!   («) 

FIG. 3. Young's modulus of the superconducting coll compo- 
site, 9 = 0°, 

subscripts on E and G designate the direction of the 
force and the plane on which the force is applied, re- 
spectively. The compliances Su, S33, and S^ are found 
directly from experiments 1, 2, and 3, respectively. 
From experiment 4, Sla is found using the relation 
2(5,1 -S12) = S66 and the value of SM froir experiment 3. 
Either specimen 5 or 6 can be used to cietermine 5,3. 
This compliance must be determined from a measure- 
ment on a specimen with its axis at an angle to the 
longitudinal direction. As can be seen from Table II, 
however, the Young's or shear modulus measured on 
specimens with 0° < 0 < 90° is only partly dependent on 
S,,. Thus, 5,3 will be the least accurately determined 
compliance. The measurement of this compliance cor- 
responds to the measurement of the elastic stiffness 
Cjg by megahertz ultrasonic techniques. Zimmer and 
Cost17 encountered difficulty in measuring C13 for a 
composite material and their estimated uncertainty in 
this elastic constant (100%) was ascribed to dispersion 
as well as to the relatively high Inaccuracy. 

The experimental data are presented In Figs. 2—7, 
The smooth curves represent regular temperature be- 

• 

TEWCMTU« («) 

FIG. 2, Young's modulus of the superconducting coll compo- 
site, «■^O'. 

ISO 100 

nmunm w 

FIG. 4. Shear modulus of the superconducting coll composite, 
» = 0o. 
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havior as given by a theoretical relationship suggested 
by Varshni45 that has been used successfully to repre- 
sent the temperature dependences of metals,45 ionic 
solids,45 and several alloys.46 The over-all fit of this 
function to these data is not nearly as good as for other 
materials, and the data for E33 could not be fitted to the 
Varshni function because of its concave-upward curva- 
ture. A smooth curve was drawn through the data points 
and the actual point values were used in calculations. 
This modulus was measured several times to check its 
behavior, and data from different measurements agreed 
closely. These data had completely reversible tempera- 
ture response. 

The shear modulus corresponding to shearing the 
axial planes in the radial direction G12, or vice versa, 
is shown in Fig. 8. This modulus was calculated from 
the curve values of G13 and G', since G12 = l/See. 

Because of the difficulty in machining the specimens 
to small radii, the ratios of lengths to diameters were 
in some cases on the order of 4 or 5 to 1. The estimated 
correction to the Young's moduli in these cases is still 
only about 1%. 

The elastic compliances as functions of temperature 
are given in Table III. The compliances Sn, S33, and 
S44 are just reciprocals of E^, E33, and G^, as men- 
tioned previously. The error in the directly measured 
moduli is estimated to be about 1%; thus these com- 
pliances should be accurate to 1% also. The compliance 
Su is found from combining the results of three mea- 
surements. Thus, S12 may be less accurately known. It 
was found that in solving for S^ from either Eq. (5) or 
(6), a 1% error in the measured modulus led to a 10— 
20% error in Si3. Thus, the error associated with S^ 
is considerable, perhaps as much as 100%. The values 
reported for Sl3 are the average of the values found 
from experiments 5 and 6, which are -0.110 and 
-0.058, respectively. From the material available, it 
was not possible to machine specimens with 0<6O° for 
other determinations of S^. As expected, the material 
was found to be highly anisotropic with s11 = 2s33. 

It is emphasized that the data reported here are dy- 
namic (adiabatic) rather than static (isothermal) and 
apply to rapid, rather than slow, loading. Conversion 
formulas are given in Landau and Litschitz,*7 for ex- 
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FIG. 8. Shear modulus Gn of the superconducting coll 
composite. 

4462 J. Appl. Phys., Vol. 46, No. 10, October 1975 W.F. Weston 4462 

82 
o 

—rr-«- .^gg'i 



mmwmmfmmmmw***' 

; » 

TAULE III. Elastic compliances of the superconducting coll 
fomposite at selected temperatures (1Ü"10 m2/N) ae determined 
by resonance oscillator techniques.  

3 OQ Sj, SJJ S13 SJJ S^,, Sgfj  

0 0.242 -0.074 -0.0U1 0.112 0.910 0.631 
50 0.242 -0.074 -0.061 0.113 0.9l0 0.632 

100 0.248 -0.076 -0.066 0.115 0.920 0.648 
150 0.260 -0.083 -0.073 0.118 0.964 0,684 
200 0.275 -0.189 -0.079 0.119 1.046 0.728 
250 0.294 - 0.094 -0.082 0.121 1.170 0.776 
300 0.316 -0.096 -0.084 0.123 1.350 0.823 

ample; in most cases the differences between adiabatic 
and isothermal elastic constants are small. These 
formulas involve the thermal-expansion coefficients and 
the specific heat. The thermal-expansion coefficients 
are known for this composite,39 but the specific heat has 
not yet been determined. If an estimate of the specific 
heats of the components, the difference between the 
adiabatic and isothermal Young's moduli is at most 
0.5%. The adiabatic and isothermal shear moduli are, 
of course, equal. 

B. Epoxy fiber glass composite 

Measurements were also made on the epoxy—fiber- 
glass specimens listed in Table 1. Tnese specimens 
were oriented with the layers of fiber-glass cloth run- 
ning the length of the specimen; these were the only 
orientations available. The Young's and shear moduli 
are shown in Figs. 9 and 10. The shear modulus is well 
represented by the Varshni function, and is seen to have 
normal temperature behavior. A smooth curve was 
drawn through the Young's modulus data, which could 
not be fitted to the Varshni function because of the low- 
temperature maximum. 

IV. DISCUSSION 
Some elastic data, taken by conventional static 

methods, were available for the superconducting coil 
composite and the epoxy—fiber-glass composite.39 

These data generally compared very favorably with the 
resonance data. For example, resonance values of Eu 

at room temperature and 4 K are 12 and 1% larger than 

the static data taken at these temperatures. The inac- 
curacy of the static values is given as about 10%. Also, 
resonance values of E33 agree with the static data within 
5—7',? , and resonance values of Cu agree with the static 
values within 6—11%.    . 

Other elastic constants of interest include the Poisson 
ratios: 

ui2- "Sja/Su 

and 

, — -S,3/S13, 

(7) 

(8) 

where vu represents the negative ratio of strain in the 
j direction to strain in the i direction. 

The value of ul2 at room temperature is 0.304. The 
reported3' static value is 0.335, with the inaccuracy 
again believed to be about 10%. Thus, this result gives 
added confidence to the resonance value of S12. However, 
the Poisson ratio ul3, involves the compliance S^, 
which has already been noted to be much more inac- 
curate than the other four compliances. In fact, if the 
room-temperature values of 5,3 and S33 are used, v13 

= 0.683, whereas the static value is 0.333.39 Since the 
other elastic constants are all in relatively good agree- 
ment with the static values, it is rearnnable to expect 
that i/13 should be also. Thus, the value of Sl3 is highly 
suspect, especially since a value near j seems more 
realistic for Poisson's ratio. 

It is also of interest to consider the compressibilities. 
For a material with transverse isotropy, the linear 
compressibilities are 

kl-Sn +S12 +Si3 

and (9) 

h3 — 2Si3 +033, 

where the subscripts designate the axis. Also, the vol- 
ume compressibility is 

K = 2k1+k3. (10) 

If the room-temperature values of the compliances, 
as given in Table m, are used, ^hen Jt, =0.136x^O'10 

% 

3.wa 

„ 3.«80 

_ 3,432 - 

ü 3384- 

1 3.336 

j      3,288 - 

g      3.240 

2 3.192 

3 3.144 

3,0« 

3.048 
ISO 200 

TEWTRATURE   (K) 

FIG. 9. Young's modulus of epoxy—fiber-glass, 6 = 0°. 

4463 J. Appl. Phys., Vol. 46, No. 10, October 1975 

ISO 200 

TtWERATUBE   IK) 

FIG. 10. Shear modulus of epox>—fiber-glass, fi^O0. 

W.F. Weston 4463 

81 

■ «Mg.«Frt»—^ri^?^'^'s^.;   "•" :ir '"• *,<,■ W.?*'! 



m mmm-- 'wm^^vm^ 

TABLE IV. Elastic stiffneases of the superconducting coil 
composite at selected temperatures (lO10 N/m2). 

TtK) c,,* Ctt* cia
J 

Cn* CH c„ 
0 r.. to 1.94 2.39 10.59 1.10 1.58 

50 5.10 i,9;i 2.39 10.46 1.10 1.58 
100 4.99 1.90 2.34 10.27 1.09 1.54 
1 .(i 1.80 1.87 2.27 10.05 1.04 1.46 
800 4.54 1.79 2,15 9.80 0.96 1.37 
250 1.21 1.63 1.99 9.04 0.85 1.29 
:i00 ■J.82 1.39 1.77 9. 35 0.74 1.22 

'These constants are dependent on v^, and were calculated 
usinff the static value of vit, which was taken as independent 
of temperature. 

m" N 
^2 

= -0.045xlO-10m2/N, and A: = 0.027xl0-10 

m'/N. However, if the Polsson ratio 1^3 is taken as 5, 
then Si, = - 0, o41 x lO-10 ma/N at room temperature, and 
^ = 0.179x10-'° rnVN ^ = 0.041 xlO'10 m'/N, and the 
volume compressibility K = 0.399 xlO"10 m2/N. The 
relatively large value for v13 and the negative k3 that re- 
sult from the resonance Si3 may not be unreasonable, 
considering the multicomponent material. The elastic 
stiffness coefficients, however, can be calculated from 
the compliances and indicate that the resonance value of 
Sl3 is in error. 

The elastic stiffnesses (C(J) can be directlv calculated 
by inverting the S(J matrix it all the compliances are 
known. The explicit relationships are4" 

Cu 

c 

Si ; 
Cx3 

*-"W  "' 

C. = 

S   ' 

s   ' 

(ID 

and 

where 5=SMCSU+S11)-2SJ1. Except for C,14 and C6e, 
these relationships depend strongly on Sl3. Using the 
resonance value of 5,3, the elastic stiffnesses that iir- 
pend on Sl3 are found to increase with increasing tem- 
perature, which is contrary to normal behavior. Since 
the Young's and shear moduli all behave fairly regularly 
with temperature, the resonance value of S^ seems un- 
reasonable. In calculating the elastic stiffnesses, then, 
a value of 5 for ul3 was used, and this Poisson's ratio 
was taken as constant with temperature.39 It is believed 
that the elastic stiffnesses obtained this way are more 
accurate than those obtained using the resonance value 
of 5,3. The elastic stiffnesses are given in Table IV. 

As expected, the elastic properties of this composite 
are highly anisotropic. The anisotropy is best described 
by considering the percent elastic anisotropy as dis- 

cussed by Chung and Buessem.49 For transversely Iso- 
tropie symmetry, this scheme involves using the con- 
ventional anisotropy ratios (the linear compressibility 
ratio /!,. = V*i. and the shear anisotropy A.MC^/C^ 
to calculate anisotropy parameters A* and A* with the 
following properties: A* is zero for material's that are 
elastically Isotropie, i.e., Ami; A* is always positive 
and a single-valued measure of the elastic anisotropy of 
a material regardless of whether /I < 1 or A > 1; and A* 
gives the relative magnitude of the elastic anisotropy 
present in the material. For this composite A =0.23, 
AC**8A%, At»0M, and A; = 12.3%, For comparison, 
A* «9.9% and A; = 13.7% for zinc,49 which is one of the 
most anisotropic hexagonal metals. 

The static value of Young's modulus of the fiber- 
glass-epoxy is also available.40 This Young's modulus 
was measured on a specimen oriented like the one used 
for the resonance measurements. The resonance and 
static values differ by 4-10%. There was no evidence of 
a maximum in the static data, but it is believed that the 
maximum is real. This maximum was observed during 
several measurements and was completely reversible. 
No explanation for this behavior can be given at this 
time. 

V. CONCLUSIONS 

The resonant piezoelectric oscillator method used in 
this work is generally suitable for measuring the elastic 
properties of composite m.iterials. This method is ac- 
curate, fast, and requires 1 nly smal' specimens. It is 
suitable for measurements it all temperatures from 0 K 
to greater than 1000X.25'30 The general techniques and 
theory of this method are well understood. This method 
does not appear to have the limitations of static and 
other ultrasonic techniques. 

The elastic compliance data presented in this work 
generally agree well with existing data taken by conven- 
tional static methods, with the exception of Si3. It is 
believed, however, that if specimens with different 
orientations were available, a more accurate determina- 
tion of Sl3 could be made. These data can be used to cal- 
culate other elastic properties, such as the elastic stiff- 
ness coefficients and compressibilities. However, many 
of these elastic properties depend on Sl3, and their ac- 
curacies would also benefit from a better determination 
ofS13. 

The superconducting coil composite was highly aniso- 
tropic, with elastic anisotropies similar to those of 
zinc. This high anisotropy, characteristic of many com- 
posite materials, necessitates careful measurements of 
elastic properties of these materials. 

The measured elastic moduli of the composite are not 
as well represented by the Varshni function as they are 
for most metals and alloys; i.e., the elastic moduli of 
the superconducting coil composite are less regularly 
behaved with respect to temperature. 
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Su-nmary; Fracture Mechanics Parameters of Engineering 
Materials at Cryogenic TemperatureT- 

This section of the report contains two manuscripts. Fracture Mechanics design data 
are presented for a nickel base superalloy, Inconel 718, and an aluminum base alloy, 
2219-T6. The plane strain fracture toughness parameters (Kic and Jic), tensile, and fatigue 
crack growth rates (da/dN) were measured using state-of-the-art test procedures. The 
results are summarized as follows: 

(1) The tensile, fatigue, and fracture properties of Inconel 718 alloy are nearly 
constant or slightly improved at decreasing temperatures between 295 and 4 K. The frac- 
ture toughness (K,C) at 4 K is 16% higher than the room temperature value of 96.3 MPa-m'/2. 
This alloy is usenI for cryogenic structural applications requiring an exceptional yield 
strength (1.172 GPa at 295 K) and moderate fracture toughness. 

(2) J-integral resistance curves for three specimen thicknesses and valid (according 
to ASTM Method E 399) KTC values at 76 K are reported for aluminum alloy 2219. The 
J-integral values were independent of thickness at small crack extensions, but at substan- 
tial crack extensions the values for the thin specimens were larger than those for the 
thick specimens. The measured Jjc values were less than those calculated from the mea- 
sured K,c values. The reason for this discrepancy was that crack extension occurred 
before tne Kjc measurement point was reached. 4 
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ABSTRACT 

The mechanical properties of a solution treated and double aged 

Inconel 718 forging were studied to assess its utility at temperatures 

in the ambient-to-cryogenic range. Uniaxial tensile property measure- 

ments using unnotched specimens at decreasing temperatures between 

295 and 4 K show that yield and ultimate strengths increase by 20% 

and 29%, respectively, while ductility remains virtually constant. 

Fracture mechanics tests using 2.54 cm-thick compact specimens revealed 

that the fatigue crack growth resistance of this alloy improves slightly 

at extreme cryogenic temperatures, and its plane strain fracture 

toughness, KIc, increases from 96.3 MPa-m
1/'2 at 295 K to 112.3 MPa'm1''2 

at 4 K.  These results are compared with jimilar data for Inconel 750 

alloys. 

Key words:  Fatigue; fracture; low temperature tests; mechanical properties; nickel alloys; 

superalloys. 
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INTRODUCTION 

A precipitation hardenable nickel base superalloy known as Inconel 718* was first 

developed for elevated temperature service. Then, by virtue of its austenitic structure, 

high strength, and wpldability, the alloy found applications in the ambient-to-cryogenic 

temperature region as well. Current applications at temperatures as low as 20 K include 

liquid oxygen and liquid hydrogen pressure vessels for spacecraft. Emerging applications 

related to superconducting machinery (torque tubes, damper shields) will nrobably further 

extend the utility of Inconel 718 to temperatures approaching absolute zero. 

A need for reliable mechanical property data accompanies the expanded use of this alloy. 

Conventional tensile properties for the temperature range 295 to 4 K [1-14] .'re insufficient 

to characterize the load-carrying capability oi .arge structures subject to fatigue. As 

demonstrated by this study, relatively brittle fractures may occur when fatigue cracks are 

located Jn thick sections of Inconel 718, despite the fact that this material exhibits 

appreciable ductility in the unnotched conditl'-n. 

The existing fatigue crack growth and fracture toughness data [12-17] relate predomi- 

nantly to thin sections and non-standard specimen geometries, or concentrate only on room 

temperature properties. Tha present study describes the mechanical behavior of Inconel 718 

at several temperatures including 295, 195, 76, and 4 K. In addition to conventional tensile 

property determinations, fatigue crack growth resistance was evaluated, and the ASTM standard 

method of test for plane strain fracture toughness of metallic materials (ASTM E-399-74) [18] 

was applied to generate valid K  data for this alloy. 

MATERIAL 

The In;onel 718 alloy was purchased in the form of a forged 7.7 cm x 7.7 cm square bar 

that had been annealed at 1200 K for Ih. As quoted from the mill sheet, the chemical 

composition in weight percent is:  53.4 Ni, 18.5 Fe, 18.1 Cr, 5.24 Nb + Ta, 2.95 Mo, 0.90 Ti, 

0.49 Al, 0.17 Co, 0.10 Mn, 0.10 Cu, 0.10 Si, 0.05 C, 0.01 P, 0.003 B, 0.002 S. All test 

specimens were machined prior to precipitation hardening, which followed the standard heat 

treatment: 

1)  Solution treatment (1256 K for 3/4h, air cool); 

and 2)  Double age (992 K for 8h, furnace cool to 894 K, hold 10h, and air cool). 

F'ROCEDURES 

Tensile 

Tensile tests were conducted at room, liquid nitrogen, and liquid helium temperatures at 

a crosshead velocity of 0.008 iuta  per second. Reed [19] described the 44.5 kN screw-driven 

machine, cryostat, and low temperature techniques used here. The tensile specimens had a 
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reduced section 3.8 cm long and 0.51 cm In diameter. The tensile axis was transverse to the 

forging axis, such that the fracture plane orientation matched that of the compact specimens 

described below. The outputs of a commercial load cell and clip-on strain gage extensometer 

were recorded and analyzed as outlined in ASTM Method E8-72 [20]. 

Fracture 

The compact specimens used for fatigue and fracture tests had a thickness, B, of 

2.54 cm and e  width, W, of 5.08 cm.  These specimens were machinad in the TS orientation [JS], 

with their loading axis and crack propagation directions transverse to the original forging 

axis.  Other specimen features were in accordance with the E-399-74 method, except that a 

modified notch was incorporated. As shown in Figure 1, the modified notch permits clip gage 

attachment at knife edges in the loadllne. 

Room temperature tests were conducted using a 100 kN servo-hydraulic test machine and 

cryostat in ambient air.  Low temperature environments were achieved by immersing the load 

frame, specimen, and clip gage in alcohol and dry ice (195 K), liquid nitro^n (76 K) or 

liquid helium (4 K).  The clip gage satisfied E-399-74 linearity requirements at each temper- 

ature.  A detailed description of the low temperature apparatus and techniques was given by 

Fowlkes and Tobler [21]. 

Fracture toughness specimens were precracked at their KT test temperatures and loaded 
1/2 Ic 

to fracture at 1 MPa'm   per second.  Following the E-399-74 method, KT„ was calculated from 

the solution for compact specimens: 
Ic 

K   - P B"1 W"172 ^Ic    rQ ß  w if(a/W): (1) 

where 

f(a/W)  = 29.6 (a/W)1/2 - 185.5 (a/W)3/2 + 655.7 (a/W)5/2 

- 1017.0 (a/W)7/2 + 638.9 (a/W)9/2 
(2) 

u 

* 

In these equations, P is the load defined by the secant offset procedure [18], and a is 

the average of three crack length measurements at 25, 50, and 75% of specimen thickness. 

Fatigue 

Fatigue crack growth rates were measured during the precracking of K,  sperlmens where 

the maximum stress intensity factor never exceeded 0.6 K . Additional specimens were tested 

to obtain growth rates at higher stress Intensities. Although most specimens were 2.54 

cm thick (W/B = 2), four tests of a 0.508 cm thickness (W/B = 10) were also included. The 

fatigue operations were conducted using controlled load, a sinusoidal load cycle, and a cycle 

frequency of 20 Hz; the ratio, R, of minimum/maximum load was 0.1. 

Crack growth was monitored indirectly by compliance measurements, as previously 

described [21].  Briefly, a correlafjn between crack length and specimen deflection per unit 

load (6/P) was determined by measurements on fractured specimens. The fatigue tests were 

91 

««srsC' — -y^r^'Ag^" 



^m^mssrmsv^frmmiGW11 

inteurupted periodically to record 6/P, from which crack lengths could be inferred and plotted 

as a function of fatigue cycles, N. A computer program was used to fit the a-versus-N curves 

with a third order polynomial, to differentiate the curves to obtain da/dN values, and to 

calculate the associated stress intensity factor ranges, AK, from the peak fatigue loads: 

AK (P  -P . ) B"1 W"1/2 [f(a/W)] max ain i   \ r   /i (3) 

RESULTS 

Tensile 

Table 1 lists the yield and ultimate strengths, elongation, and reduction in area mea- 

surements for Inconel 718 at 295, 76, and 4 K. These data are plotted in Figures 2-4, along 

with data for other Inconel 718 forgings in the 1256 K solution treated and double aged 

condition. The temperature dependences of these tensile parameters illustrate what are 

considered to be classical trends for face centered cubic metals and alloys [22-24]: 

ductility remains nearly constant, there is a moderate increase of yield strength, and a 

larger increase of ultimate strength.  The yield strength of the present alloy ranges from 

1.172 to 1.408 GPa over the temperature Interval investigated, showing good agreement with 

other results [9-13]. 

On the other hand, the heat-to-heat variations of ductility appear to be sizable. With 

reference to Figure 4, reduction in area measurements at room temperature range from 14 to 

30%, but the values for our alloy are intermediate at 19%. 

Handbooks [1-3] contain other low temperature tensile data for thin sheet and other 

Inconel 718 stock having thernal or mechanical treatments differing from the 1256 K 

solutioning and double aging treatment studied here.  The comparisons above are sufficient to 

demonstrate that the present is representative of commercially available forgings. 

Fracture 

The load-defection bi ivior and fracture surface of a compact specimen tested at 4 K 

are shown in Figurt. 5.  "Type -" test records [18] with slight nonllnearity prior to maximum 

load were observed at each temperature. The fracture surfaces displayed no sheat portions 

but were flat and granular in appearance, and uninfluenced by test temperature. 

The IL calculations are itemized in Table 2.  The 2.54 cm-thick specimens tested here 

amply satisfy the E-399-74 criterion for thickness, B ^ 2.5 { Ic] , which requires a minimum 

thickness of 1.9 cm for this alloy at room temperature. Oth£ryinformation pertinent to 

assessing the validity of K  measurements are included in Table 2.  In three tests, a/W 

exceeded the 0.45 to 0.55 range.  However, these three deviations are minor, and any effects 

on Kj results are considered negligible compared to the degree of scatter among specimens. 

The fverage K  value at each temperature is plotted in Figure 6. The data are mildly 
1/2 

temperature dependent, showing a 16% Increase from 96.3 to 112.3 MPa-m   as temperature is 

lowered from 295 to 4 K. Logsdon, et al. [12] reported a 14% increase for compact specimens 

of an Inconel 718 alloy tested at 295 and 4 K. Note that their S- values are lower (70 to 
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1/2 
80 MPa'm  ) compared to the present results; They also reported lower tensile ductility, as 

shown In Figures 3 and 4.  Note also that the temperature dependence of fracture toughness 

for Inconel 718 is opposite to that ior Inconel 750 alloys:  as temperature !■ lowered, 

Inconel 750 shows moderate decreases in K  amounting to 8% between 295 and 76 K [26], and 

11% between 295 and 4 K [25]. 

The literature [13-16] contains other fracture toughness data for Inconel 718 which were 

not obtained by the E-399-74 method. Those measurements were derived from tests of center- 

notched, single-edge-notched, or surface-flawed specimens. To their advantage, surface-flawed 

specimens simulate a flaw type that commonly occurs in pressure vessels, but the fracture 

toughness results are directly applicable only when the service conditions match the specifics 

of specimen flaw shape and thickness. Hall's experimental results indicate that surface 

flawed specimens produce high apparent fracture toughness values as compared with the true KT Ic 
values from standard compact or bend specimens [27].  Further difficulty arises from the fact 

that the Inconel 718 specimens tested by Witzell [13], Pettit, Feddersen, and Mindin [14] and 

Taylor [16], are too thin (1.6 to 3.5 mm) to avoid size effects according to the E-399-74 

criterion.  For tb&se reasons, such data are of limited value to designers. On the other hand, 

the KIc data oi  Figure 6 are independent of specimen geometry and represent true material 

constants which are generally applicable in design. 

Fatigue Crack Growth Rates 

As denonstrated by Paris and Erdogan [28], fatigue crack growth rates can usually be 

described as power-law functions of the stress intensity factor range, AK: 

da 
dN 

C(AK)' (4) 

where C and n are material constants that depend on environment and test variables. 

Logarithmic plots of daZ-'w-versus-AK measurements that are in agreement with Eq. (4) reveal 

linear trends frodi which n and C can be determined as the slope and ordinatc intercept at 

AK = 1, respectively. 

The fatigue crack growth rates of Inconel 718 at 295, 195, 76, and 4 K are plotted on 

logarithmic coordinates in Figure 7.  The data define a scatterband approximately 7 to 12 
1/2 

MPa'm   wide.  At equivalent AK values, the rates at cryogenic temperatures are slightly 

lower than at room temperature. However, the improvement in fatigue crack propagation 

resistance is modest, and barely distinguishable beyond the scatter of replicate tests unless 

the temperature differential exceeds 150 to 200 kelvlns. 

Linear segments representing two Paris equations were chosen to approximate the upper 

(295 K) and lower (4 K) extremes of data in Figure 7. Thus, at 295 K: 

§    -    8 x lO"11   (AK)4 
(5) 

■. 

and at 4 K: 
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1/2 
where AK is in MPa'm   and da/dN is in nun/cycle.  The exponent, n = 4, which some theories 

predict [29], provides a good approximation for these experimental results,. 

Figures 8 and 9 compare the fatigue crack propagation resistance of Inconel 718 with the 

available results for other nickel base alloys and stainless steels which could be considered 

material competitors for various applications. Note that the room temperature crack growth 

rates reported by Shahinian, Watson, and Smith [17] are in close agreement with the present 

data for Inconel 718. As shown in Figures 8 and 9, the fatigue crack propagation resistance 

of Inconel 718 is intermediate compared with other austenitic alloys, 

DISCUSSION 

The low temperature tensile properties of this Inconel 718 alloy were equivalent or 

superior to its properties at room temperature.  Other studies of Inconel 718 alloys have 

shown that, as the temperature decreases to 4 K, Young's modulus increases by 6% [31], fatigue 

strength at 10 cycles increases by approximately 75% [8], and Charpy impact values show 

little change [11],  Since none of these parameters are deleteriously affected, the reliability 

of Inconel 718 structures will not be decreased at extreme cryogenic temperatures. 

The attractive feature of a high yield strength which increases at cryogenic temperatures 

without sacrifice of tensile ductility Justifies Inconel 718's selection for numerous 

applications.  Nevertheless, this alloy is susceptible to brittle fracture in thick sections 

containing flaws.  The fracture toughness at ambient and cryogenic temperatures is useful but 

moderate; therefore, accurate fracture mechanics evaluations seem necessary to assure 

structural safety and efficient design. 

In the fracture mechanics approach, K is proportional to the magnitude of elastic 

stresses at the crack tip.  Upon reaching a critical value, K , the material fractures 

ratastrophically, without significant plastic deformation. Using handbook [32] equations for 

various component geometries of known dimensions and loadings, the maximum flaw size that a 

structure will tolerate can be calculated based on the material's KT value. Fatigue crack 
Ic 

growth rates enable a prediction of the total number of load cycles required to propagate 

^ an Initial crack to critlca] proportions.  Thus, the da/dN and K  data of this report can 

be used to assess the safe operating lifetimes of Inconel 718 structures. 

The significant finding that Inconel 718's da/dN and K  parameters are nearly invariant 

si  temperatures below 295 K should facilitate fracture mechanics analyses.  For example, the 

performance of a component of this material at cryogenic temperatures could be conservatively 

predicted using room temperature data obtained from quality control tests of production 

material.  Similarly, for convenience and economy, cryogenic structures might be proof-tested 

at room temperaL-re. 

An important question regarding alloy selection is whether Inconel 718 might supersede 

Inconel 750 as a construction material for some applications in superconducting generators. 
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Inconel 750 and 718 alloys possess a high resistance to fatigue crack propagation which seems 

to be a characteristic of austenitic alloys in general [30], Figures 8-9 compared the fatigue 

crack growth rates of Inconel 750 and 718 with those reported for several austenitic stainless 

steels.  Dismissing minor differences in the rates for Inconel 750 and 718, attention centers 

on yield strength and fracture toughness comparisons. At 4 K, the yield strengths of solutiori 

treated and double aged Inconel 750 alloys range from 0.736 to 1.194 GPa, depending on 

manufacturing process and heat treatment variations [25]; K  values for the same heats range 
1/2 

from 102 to 239 MPa'm  . Based on the present study, Inconel 718 offers a higher yield 
1/2 

strength, 1.408 GPa, but its K  value of 112 MPa'm   is on the low aide of the range for 

Inconel 750 alloys.  This trade-off between yield strength and fracture toughness will 

determine alloy selection relative to the specific requirements of each application. 

CONCLUSIONS 

Uniaxial tensile properties and fracture mechanics data were obtained for a precipitation 

hardened Inconel 718 forging at temperatures in the ambient-to-cryogenic range. The temper- 

ature dependences of the mechanical properties of this alloy may be considered typical, 

qualitatively, of austenitic alloys in general. At 4 K, the yield strength of this Inconel 

718 alloy was 20% greater than the room temperature value of 1.172 GPa. The K  values 
1/2 

showed that fracture toughness varies from 96.3 to 112.3 MPa'm   between 295 and 4 K, whereas 

tensile ductility and fatigue crack growth resistance remain nearly constant. Based on these 

data trends, the load-carrying capability of flawed or unflawed Inconel 718 structures Is not 

expected to decrease at cryogenic temperatures. 

ACKNOWLEDGEMENTS 

This program was sponsored by the Advanced Research Projects Agency of the U.S. 

Department of Defense. The contributions of Dr. R. P. Mikesell and R. L. Durcholz in 

conducting the tensile tests are gratefully acknowledged. 

95 

riiMirm •"  ii^MBBWfefflH^JllfeJta^ji^i«* 



wpipp'" - -nmrtmw^'mmmmi'^'^.i^wmmm 

REFERENCES 

■■ 

1 
1 j» 

1. Handbook on Materials for Superconducting Machinery, MCIOHB-04 (Battelle Columbus 

Laboratories, 1974). 

2. Cryogenic Materials Data Handbook, AFML-TDR-64-280 (Martin Marietta Co., 1964). 

i.       Materials Data Handbook:  Inconel Alloy 718, NASA-CR-123774 (Western Res. and Dev. Inc., 

1972). 

4. Inconel Alloy 718, Bulletin T-39 (Huntington Alloy Products Division, International 

Nickel Co., 1973). 

5. Wagner, H. J., Hall, A. M., Physical Metallurgy of Alloy 718, Defense Metals Information 

Center Report 217 (Battelle Memorial Institute, 1968). 

6. Christian, J. L., in Advances in Cryogenic Engineering 12^ (1962) 520. 

7. Nachtigal], A. J., in Properties of Materials for Liquefied Natural Gas Tankage, ASTM 

STP 579 (Amer. Soc. Test. Mater., Philadelphia, 1975) 378. 

8. Nachtigall, A. J., Klima, S. J., Freche, J. C, J. Materials, JMLSA 3 (1968) 425. 

9. Inouye, F. T., Hunt, V., Janser, G. R., Frick, V., NASA Tech. Rept. CR-788 (Aerojet 

General Corp., 1967). 

10. Morgan, W. R., NASA Internal Note IN-P and VE-M-66-2 (George C. Marshall Space Flight 

Centei, 1966). 

11. Malin, C. 0., NASA Tech. Brief MFS-18244 (George C. Marshall Space Flight Center, 1965). 

12. Logsdon, W, A., Kossowsky, R., Daniel, M. R., Wells, J. M., in Materials Research for 

Superconducting Machinery IV, Reed, R. P., Clark, A. F., and van Reuth, E. C, Eds., 

Semi-Annual Tech. Rept., October 1975 (Advanced Research Projects Agency, 1975). 

13. Wltzell, W. E., Tech. Rept. AFML-TR-67-257 (General Dynamics-Convair, 1967). 

14. Pettit, D. E., Feddersen, C. E., Mindin, H., NASA CR 101942 (Battelle Memorial Institute, 

1969). 

15. Forman, R. G., NASA Tech. Note TN D-7665 (National Aeronautics and Space Administration, 

1974). 

16. Taylor, J. L., in Proceedings of the Seventh Symposium on Nondestructive Evaluation of 

Components and Materials in Aerospace (Amer. Soc. Nondestructive Testing, San Antonio, 

1969) 420. 

17. Shahlnian, P., Watson, H. E., Smith, H. H., J. Materials, JMLSA ^ (1972) 527. 

18. Annual Book of ASTM Standards, Part 10 (Amer. Soc. Test. Mater. Philadelphia, 1974) 432. 

19. Reed, R. P., in Advances in Cryogenic Engineering ]_  (1962) 448. 

20. Annual Book of ASTM Standards, Part 31 (Amer. Soc. Test. Mater., Philadelphia, 1973) 220. 

21. Fowlkes, C. W., Tobler, R. L., Eng. Fract. Mechs., to be published. 

22. McLean, D., Mechanical Properties of Metals (Wiley, New York, 1962). 

23. Conrad, H., in High Strength Materials (Wiley, Nev York, 1964). 

24. Wlgley, D. A., Mechanical Properties of Materials at Low Temperatures (Plenum, New York, 

1971). 

25. Logsdon, W. A., in International Cryogenic Materials Conference Proceedings (Plenum, 

New York, 1976) to be published. 

96 

N«V't«*."-'3?!f''' ££~**-\'''*f*",:Z" "  ^•*TT^*~S&kT 



H 

> 

» 

26. Tobler, R. L., Mikesell, R. P., Durcholz, R. L., Reed, R. P., In Materials Research for 

Superconducting Machinery II, Clark, A. F., Reed, R. P., and van Reuth, E. C, Eds., 

Semi-Annual Tech. Rept., October 197A (Advanced Research Projects Agency, 1974). 

27. Hall, L. R., in Fracture Toughness Testing at Cryogenic Temperatures, ASTM STP 496 

(Amer. Soc. Test. Mater., Philadelphia, 1970) 40. 

28. Paris, P. C, Erdogan, F., J. Basic Engrg., Trans. ASME Series D, 85 (1963) 528. 

29. Johnson, H. H., Paris, P. C, Eng, Fract. Mech. 1 (1968) 3. 

30. Tobler, R. L., Reed, R. P., in International Cryogenic Materials Conference Proceedings 

(Plenum, New York, 1976) to be published. 

31. Weston, W. F., Ledbetter, H. M., Mater. Sei. Eng. 20 (1975) 287. 

32. Tada, H., Paris, P. C, Irwin, G. R., The Stress Analysis of Cracks Handbook (Del 

Research Corp., Hellertown, PA, 1973). 

• 

i» 

97 

j^MÄ^WW**** — tttiiT'iMWiii m'   — ■^»«'»flL'-waw^ 



■:^'s^''--- '■■''—■■  ''''■■   ^•J., v.-.■--.-.., r,.,..,,,.-  ,.,■.,.' ,..,„.^, ,.,-.    , vv,„v,,...,.-,     ,,,..„„,.,„.,,,,,,  „. 

Table 1.  Tensile property results for Inconel 718, 

Temperature 0.2% Yield Strength Ultimate Strength Elongation Reduction 1 

K GPa (ksl) GPa (ksl) % % 

295 1.165 1.391 16.1 19.5 

1.396 14.3 18.4 

1.178 1.425 15.3 16.8 

Avg 1.172 (170.0) 1.404 (203.6) 15.4 18.2 

76 1.326 1.649 20.2 20.6 

1.359 1.649 20.9 18.9 

Avg 1.342 (197.4) 1.649 (239.2) 20,6 19.8 

4 1.371 1.802 21.7 24.0 

1.445 1.830 19.5 16.3 

1.408    (204.2) 1.816 (263.4) 20.6 20.2 

I 
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Figure 1.  Compact specimen used for fatigue and fracture tests. 
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Figure 7.  Fatigue crack propagation rates for Inconel 718. 
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EFFECTS OF SPECIMEN THICKNESS ON FRACTURE 

TOUGHNESS OF SOME ALUMINUM ALLOYS 

l 

J-integral resistance curves for three specimen thicknesses and valid 

(according to ASTM Method E 399) K. values at 76 K are reported for aluminum 

alloy 2219. The J-integral values were independent of thickness at small 

crack extensions, but at substantial crack extensions the values for the 

thin specimens were larger than those for the thick specimens. The measured 

JT values were less than those calculated from the measured K. values. The 
Ic ic 

reason for this discrepancy was thet crack extension occurred before the K, 

measurement point was reached. 

I 

Key words: Aluminum alloys; critical stress intensity, cryogenic 

temperature; fracture toughness; J-integral; sub-critical crack 

extension. 
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1. InLroduction 

The generally accepted measure of the fracture toughness of a metal 

is the plane strain fracture toughness, Kjc, as measured by ASTM Method 

E 399-74 (Ref. 1). However, the specimen size required for a valid 

measurement of KTC may be so great that tests to obtain KIc may be too 

difficult or too expensive to perform (Ref. 2). An alternative method 

of measuring plane strain fracture toughness known as the J-integral 

method (Refs. 3, 4) is being widely considered because of its less strin- 

gent requirements on specimen size. The results described in this 

report are of use in evaluating the J-integral method of fracture tough- 

ness testing. 

The parameter characteristic of fracture toughness which is mea- 

sured in a J-integral test is JIc, the value of the J-integral at tha 

onset of crack extension. In the linear elastic case, KIc and JIc are 

related as (Ref. 3): 

'Ic IC (1 - v ) (1) 

where E is Young's modulus and v is Poisson's ratio of the material. 

The J-integral test can be traced back to the Griffit.i criterion 

(Refs. 5, 6) for crack extension and to the analytical work of Eshelby 

(Ref. 7). However, Rice (Ref. 8) and Begley and Landes (Refs. 3, 4) 

have been mainly responsible for the formulation of the current con- 

cept of the J-integral and its uses in fracture toughness testing. 

Landes and Begley (Ref. 4) have recently proposed a standard test 

method for determining JT . Ic 
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There are two major obstacles to the successful implementation of 

the J-integral test method. The proposed test method is an attempt to 

resolve the first of these, namely, the choice of a measurement point. 

The basic procedure in a J-integral test is to determine experimentally 

a resistance curve consisting of a set of measured J-integral versus 

crack extension (J versus Aa) data points, and then to determine JIc from 

this curve according to a rule which specifies the measurement point. In 

the proposed J-integral test method, the measurement point is chosen at a 

knee in the J-Aa curve, and thus the shape of this curve is critical to 

the measurement. It is asserted that if JIc is chosen properly, Eq.(l) 

holds, and a measurement of JIc is equivalent to a measurement of Kjc. 

The second major problem with the J-integral method is that the validity 

of Eq.(l) for useful structural materials has not been demonstrated theo- 

retically (Ref. 9). The attempted extension of the equ"'valence of Jjc and 

K. from the linear elastic to the elastic plastic case has been supported 
Ic 

by appeal to experimental results. There is evidence that for some mate- 

rials JT and KT are equivalent (Ref. 4). However, JT and K, have 
Ic    Ic 1C    1C 

been found not to be related by Eq. (1) in some other materials (Ref. 10). 

i 

The objectives of the present study were to determine experimentally: 

(1) J. as a function of specimen thickness for an aluminum alloy, 

(2) the relationship between JIc and KIc, when KIc is determined 

according to ASTM Method E 399; 

(3) the effect of specimen thickness on the shape of the J-Aa curve. 

Information of this kind is quite scarce, and is necessary before the 

J-integral method can be standardized as a reliable test method. 
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2. Materials 

Two aluminum alloys, 2014-T652 and 2219-T87, were used as speci- 

men materials. The chemical compositions of these alloys are given in 

Table 1. The 2014-T652 designation indicates that this material has been 

heat-treated, artificially aged, and stress relieved by compressing. The 

2219-T87 designation indicates that this material has been solution heat- 

treated, cold-worked, and then artificially aged. After polishing and 

etching, the grains in both alloys were seen to be severely elongated. 

A section cut perpendicular to the rolling direction shows some grains about 

.02 cm (.008 inch) ^ . diameter and some larger grains of various sizes 

in the 2014 alloy, while the same treatment reveals grains about .03 cm 

(.012 inch) in diameter in the 2219 alloy. On sections cut parallel to 

the rolling direction, only grain boundaries approximately parallel to 

the rolling direction, spaced .02 cm were seen ir the 2014 alloy. The 

2014-T652 and 2219-T87 alloys had Rockwell hardness of B 80.6 and B 81.1, 

respectively. 

The yield strength a , ultimate tensile strength auts. Young's 

modulus E, Poisson's ratio v, and plane strain fracture toughness KIc values 

obtained for the two alloys tested are listed in Tables 2 and 3 (Ref. 11). 

For measurements of KIc and J, the 2014 alloy specimens were machined in 

the L-T orientation, and the 2219 specimens were machined in the T-L orien- 

tation. For comparison, handbook (Ref. 12) values of KIc are also shown. 

The unusually high K. of the 2014 alloy specimens is probably due to 

nonuniformities in the specimen material produced during forging. Metal- 

lographie evidence for such nonuniformities is discussed below. Originally, 

the 2014 alloy was chosen for its availability and the convenience of 

machining and testing the specimens. The 2014 alloy specimens were cut 
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frcin a 7.6 cm (3 inch) thick forged plate. 

The J-Aa data foi the 2014 alloy summarized in Table 4 exhibited an 

uneven dependence of J upon Aa. This scatter was attributed to varia- 

tion of properties among the specimens. The specimens used in the tests 

were examined metallographically. On sections cut perpendicular to the 

rolling direction, some relatively large grains several millimeters in 

diameter were observed along with the small grains .02 cm in diameter. 

The fraction of the surface which was made up of small grains was recorded 

in Table 4 for the 2014 alloy specimens. Both the raw J-Aa data and the 

data classified by grain size for the 2014 alloy exhibited so much scat- 

ter that they were useless for the purposes of the present study. For 

this reason, a plate 3.8 cm (1.5 inch) thick of aluminum alloy 2219-T87 

was obtained and tested. The remainder of this report Is concerned with 

the results of measurements made on the 2219 alloy. 

3. Procedures 

The specimen geometry used was a modified compact specimen, as 

shown in Fig. 1. The normal dimensions of all the specimens tested are 

listed in Table 5. Tests were conducted in an electrohydraulic testing 

apparatus equipped with a stand-off and dewar for cryogenic service which 

has been described previously (Ref. 13). The specimens were mounted in 

the loading fixtures and cooled to 76 K by immersion in liquid nitrogen. 

Each specimen was precracked by loading in tension-tension fatigue at 

20 Hz at a load which n most cases was 60% or less of the quasistatic 

load used in the J test. The precracking was continued to a nominal crack 

length of a/W = .60. Typically the precrack reached the desired length 

of about .5 cm (.2 inch) after approximately 60,000 fatigue cycles. 

After precracking, each specimen was loaded quasistatically to a stress 
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equal to or less than the maximum load used in the precracking procedure, 

and the load-displacement line was recorded. This line was extended to 

high loads, and a secant line deviating from this anticipated load line 

by a preselected amount was also dravn. After these preliminary steps, 

the quasistatic crack extension was accomplished by leading the specimen 

until the actual load-displf»coment curve intersected the pre-drawn 

secant line, and immediately unloaded. Then the specimen was refatigued, 

beginning with a load of about half the maximum load reached during the 

measurement of the load-displacement curve. After the refatigue crack 

had grown to several millimeters in length, the specimen was pulled apart 

so that the fracture surfaces were accessible for examination. The crack 

growth produced during the static load cycle was visible as a dark, rough 

band between the two bright, relatively smooth, fatigue surfaces. 

Each value of the J-integral was computed from the load-displacement 

record obtained during the static load cycle, using the procedure recom- 

mended by Merkle and Corten (Ref 14). This procedure results in a value 

of tne J-integral of 

j=AÄ. (2) 
Bb 

where A is the area under the load displacement curve, B is the specimen 

thickness, b is the specimen ligament remaining after precracking, and 

A is a function of the crack length and the nonlinearity of the load- 

displacement record. The value of X was approximately 2.4 in all the tests 

performed in this study. 

In the proposed standard method for determining J  (Ref. 4) ^.he 

crack extension Aa is defined to include both the stretch zone and the 

zone of material separation, if any. If the crack extension consists 
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only of a stretch zone, the J-Aa graph is expected to fall along the 

line given by 

0 = 2 aflow Aa (3) 

where o^-.      is the arithmetic mean of the yield strength and the ulti- 

mate tensile strength. J, is defined as the value of J at the inter- 

section of the line given by Eq.(3) with the back-extrapolation of the 

J-Aa curve from the region where material separation does take place. 

According to the proposed method, the back-extrapolated J-A curve is 

expected to have a slope different from that of the line given by Eq.(3), 

so that the measured J-Aa curve ought to have a relatively sharp knee 

in it. 

Because of the relatively high value of the yield and ultimate 

tensile stresses of the 2219-T87 alloy, J  as defined by this proposed 

standard occurs at a crack extension of less than .002 cm. Due to the 

difficulty of measuring extremely small values of crack extensions, and 

the apparent unreliability of extrapolating to zero crack extension, the 

initiation of crack extension was taken as the point of .005 cm crack 

extension for purposes of the present study. This point was determined 

by interpolation or extrapolation on graphs of J-Aa. The J, values 

obtained in this way were higher than those which could have been obtained 

by extrapolation according to the proposed standard, but they were 

less uncertain. 

4. Results and Discussion 

The )-Aa data for aluminum alloy 2219 are listed in Table 6 and 

plotted in Fig. 2. The JT values obtained from the J-Aa curves are Ic 

listed in Table 7. The values of J- range from 9.5 to 10.3 kJ • m -2 
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over a tenfold variation in specimen thickness. Thus, Jlc is i'-i?ed a 

thickness-independent measure of the frac:ure resistance of the mateftil. 

Using the measured vilue of Klc end Eq. (1), one would expect a JIc 

of 13.6 kJ • m"2, 38% largf than the values actually found. Thus, for 

aluminum alloy 2219, K. and JTr are not related by Eq. (1). This finding ic    ic     
was attributed to the difference in the measurement point for the two test 

methods; subsequent experimental measurements showed this to be the correct 

explanatior, for the observed discrepancy. The measurement point for deter- 

mining JT was chosen as the initiation of crack extension, whereas the 3 Ic 
measurement point for determining K- was chosen as set forth in ASTM 

Method E 399, that is, at 2% apparent crack extension. The apparent crack 

j extension includes the plastic zone, but the possibility exists that 

significant actual crack extension may occur before the Kic measurement 

point is reached. If this is the case, the values of KIc obtained may be 

characteristic of a somewhat extended crack, and not of crack initiation. 

This possibility is widely suspected (Ref. 15) as a cause of discrepancy 

between observed values of KTc and JIc as related by Eq. (1), and was used 

by Logsdon (Ref. 10) to explain some of his data. But it appears that 

this explanation has never been tested experimentally. 

To determine the extent of crack extension in a valid Klc test, 

three 3.8 cm (1.5 inch) thick compact tensile specimens, more than twice 

as thick as necessary to obtain valid IC data, were tested according to 

the J-procedure described in Section 3. In two tests, the specimen was 

unloaded prior to the intersection of the load line with the 5% offset 

secant, and in the other test the specimen was unloaded just after this 

intersection. The records of these tests we>-e analyzed as follows. A 
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line was drawn through the origin of the test record and the point on the 

record at which unloading was begun. The percent difference between the 

slope of this secant line and the tangent to the initial linear portion 

of the load record, referred to as the percent secant deviat^nn, was 

recorded. This procedure allowed a correlation of secant deviation with 

crack extension to be made. The data are listed in Table 8 and plotted 

in Fig. 3. These data clearly show that the critical point in the Kjc 

test of 2219 aluminum alloy, that is, the point of 5% secant deviation, 

occurs at a crack extension of about .064 cm (.025 inch) in specimens 

which satisfy the thickness requirements by a wide margin. As a double 

check, a similar plot for the 1.42 cm (.56 inch) thick specimens, which 

are almost exactly in the minimum thickness required in a K, test, shows 

the same characteristic; i.e., crack extension of about .064 cm (.025 

inch) before the 5%  secant offset is reached. If the J. evaluation 

point were chosen not at crack initiation but at .064 cm (.025 inch) crack 

extension in these specimens, good agreement could be found between 

KT and JT . Thus, the discrepancy between the measured values of K. 
Ic    ic *c 

and JT related by Eq. (1) is ■? plained. However, because of the observed 

dependence of the J integral value at significant crack extensions on 

specimen thickness, the critical state for JIc measurement cannot be chosen 

as a point of significant crack extension sjch as .064 cm (.025 inch) 

because this would defeat the purpose of J-integral testing, which is to 

obtain a parameter characteristic of the material tested independent of 

specimen thickness. Thus, in this alloy it is impossible to obtain agree- 

ment between Kjc and Jjc in Eq.(l) that is independent of thickness. 

An obvious feature of the J-resistance curves of Fig. 2 is that the 

curves for the three different material thicknesses separate for 
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the larger values of crack extension but converge near zero crack exten- 

sion. It can be seen for this material that the effect of increasing 

specimen thickness is to decrease the J values at sizable values of Aa 

while leaving them unchanged, within experimental uncertainties, near 

zero crack extension. A similar divergence in thickness was observed 

by Griffis and Yoder (Ref. 16) for 2024-T351 aluminum tested at room 

temperature using a three-point-bend specimen and thus may be a normal 

feature of J-integral behavior of many aluminum alloys. Thickness 

effects are discussed further in the Appendix below. 

S. Conclusions 

The following concluc(ons have been drawn from the present study: 

(1) In specimens cut from a plate of 2219 aluminum alloy, crack 

extension was initiated at a constant value of the J-integral over a 

ten-fold range of specimen thickness, extending from well above to well 

below the minimum specimen thickness given in ASTM Method E 399 for valid 

KT measurement. This result supports the hypothesis that JIc is a 

useable measure of material toughness. 

m J  and K  (KT determined according to ASTM Method E 399) are 

not equivalent measurements of fracture toughness for 2219 aluminum because 

of subcritical crack growth in KIc tests; the JIc value anticipated from 

measurements of Klc was 38% larger than the measured Jlc value. 

(3) As crack extension increased, the J-integral value was signi- 

ficantly larger for thin specimens than for thick ones. 

Appendix. Observations on Plane Stress Toughening 

The specimen thickness B may be expressed in dimensionless form: 

Y • 
B 

(KIc/aV 
(Al) 
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The parameter y can be used as an index of the operative fracture mode. 

The possible modes are plane strain, mixed, and plane stress. According 

to Eq.(Al) and the measured values of the parameters KIc and oy,the sam- 

ples used in the present study fall at y = -72, 1.34, 2.68, and 7.19. 

Values of y  equal to or greater than 2.5 correspond to the criteria cf 

ASTM Method E-399 for plane strain testing. Thus, for values of y below 

2.5, we may expect plane stress toughening effects, whereas for y above 

2.5 plane strain should dominate.  A strong increase in apparent sample 

toughness is to be expected as the thickness is decreased (Ref. 17). 

An experimental search for such a dependence of apparent toughness 

on specimen thickness may be made by observing the maximum stress inten- 

sity sustained by the samples as a function of thickness. Such stress 

intensities may be calculated using the maximum load sustained by the 

sample and the crack length present at the initiation of loading. Values 

of the maximum stress intensity measured in this manner are denoted KM. 

KM may be corrected for the plastic zone size as follows. First, the 

plastic zone radius is calculated from the uncorrected stress intensity 

according to (Ref. IB): 

2TT 
law ' 

(A2) 

Then the effective crack length aeff = a + r is used to find the first 

corrected stress intensity factor according to: 

P f(a 

^Ic 
eff/W) 

B W 1/2 
(A3) 
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where f(!sJI) is given by Newman (Ref. 19). This corrected stress inten- 

sity is used to calculate a new value of ry which is then used to calcu- 

late a new stress intensity, and the iteration continues in this manner. 

If this process converges, the final value of ry is not too large and the 

plastic zone correction has been made successfully. An asterisk indicates 

a stress intensity value which includes the plastic zone correction. For 

instance, K^ is the stress intensity at maximum load corrected for the 
M* 

plastic zone. 

Measured values of KM and ^ are listed in Table A-l and plotted 

versus thickness in Fig. A-l. The classic decrease of this measure of 

material toughness with increasing specimen thickness is emphasized by 

the plastic zone correction. The curve shown in this figure is given by 

K  = K 
M* lc\ 

1 .4 y' {A4) 

where Y  was defined in Eq.(Al). This equation was used by Irwin et al. 

(Ref. 19) to curve-fit some fracture toughness data on aluminum. The 

qualitative agreement between this curve and the measured values of K^ 

indicates that the anticipated strong increase in apparent sample tough- 

ness with decreasing thickness was indeed found in the present study. 

The increase of K^ indicates that plane stress toughening occurs as the 

specimen thickness decreases. From these data, we may corclude that the 

border between plane strain and mixed modes occurs at about Y = 2.5; thus, 

the requirements of ASTM Method E-399 are adequate to insure plane strain 

u + ,v,Q nnf  ovrp^ivp .       Due to limitations on the conditions, but are not excessive- 

specimen size, the pure plane stress region was not attained in these 

tests. Nevertheless, the data are sufficient to show tendencies of the 

difference between plane strain and plane stress modes of fracture. 
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6.4   0.20   <.01  0.26  0.15   0.16  0.12   0.09   0.16 

For 2014, nomincl composition.  For 2219, plasma arc analysis, 
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Table 2 

T(K) 

Tensile and fracture data for aluminum alloy 2D14-T652 
in the L-T orientation. 

o  (riPa) 
y 

a     (ksi) 
y 

auts (MPa) 

öuts (ksi) 

E(GPa) 

E(^si) 

KT  (MPa Ic m  ) 

KIc (ksi • in1/2) 

1/2 
KT  (MPa • m       ) ic 

(handbook value) 

1/2, KT  (ksi Ic in   ") 

(handbook value) 

300 

24 

76 

405 442 

402 436 

Avg = 403.5 Avg = 439. 

58.8 64.1 

58.4 63.3 

Avg = 58.6 Avg = 63.7 

476 524 

475 536 

Avg = 475.5 Avg ■ 530. 

69.1 76.0 

68.9 77.7 

Avg = 69.0 Avg = 76.8 

75.6 , 83.3 

11.0 12.1 

.341 .331 

53.4 49.9 

46.7 53.4 

Avg = 50.1 51.3 

Avg = 51.5 

48.6 45.4 

42.5 48.6 

\vg  = 45.6 46.7 

Avg = 46.9 

26.4 33.0 

30 

4 

561 

534 

Avg 

Avg 

Avg 

547 > 

81 .3 

77 .4 

79 4 

700 

663 

681. 5 

101. 5 

96. 2 

Avg 98.8 

83.8 

12.1 

.330 

53.4 

48.6 

* 
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Table 3.  Tensile and fracture data for aluminum alle/ 2219-T87 

in the T-L orientation. 

T(K) 300 76 4 

a (MPa) 411 

412 

490 

496 

547 

514 . 

Avg ■ 411.5 Avg - 493. Avg = 531. 

ay (ksi) 59.6 

59.7 

71.1 

72.0 

79.4 

74.6 

Avg = 59.65 Avg - 71.6 Avg = 77.0 

0   (MPa) 
uts 

509 

503 

630 

630 

734 

706 

Avg = 506. Avg - 630. Avg = 720. 

a    , (ksi) 
uts 

73.8 

73.0 

• 91.4 

91.3 

106.5 

102.4 

Avg = 73.4 Avg = 91.35 Avg = 104.4 

E(GPa) 77.4 85.2 85.7 

E(Msi) 11.2 12.4 12.4 

V .330 .319 .318 

KT  (MPa • 
Ic 

1/2, 
m  ) 31.0 

30.6 

37.2 

33.5 

— —— 

Avg = 30.8 Avg = 35.9 

KT  (ksi • 
Ic 

in1/2) 28.2 

27.9 

33.9 

30.5 

MM 

Avg = 28.1 Avg = 32.7 

1/2 
KT  (MPa • m1^) 
Ic 

M 
(handbook value) 

33.0     

KT  (ksi • 
Ic 

1^2 in1' n 30.0     

(handbook value) 
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Table 4.  J-lntegral data for aluminum alloy 2014-T651 in the T-L orientation at 76 K. 

Sample t 

A-6 

A-15 

A-l 

A-2 

A-3 

B-8 

B-3 

B-7 

B-2 

B-6 

B-l 

B-5 

B-4 

C-6 

C-l 

C-5 

C-8 

C-3 

C-7 

C-4 

C-2 

B(cm)   B(in)   b(cm) b(in)  Aa(nm)  Aa(10"3 in)  3(~i J(^~j 
m      In 

.508 0.2 3.71 1.46 .011 4.3 

.508 0.2 3.56 1.40 .027 10.5 

.508 0.2 3.58 1.41 .036 14.2 

.508 0.2 3.62 1.42 .071 27.8 

.508 0.2 3.66 1.44 .116 45.2 

1.27 0.5 3.61 1.42 .009 3,4 

1.27 0.5 3.35 1.32 .009 3.5 

1.27 0.. 3.56 1.40 .010 4.0 

1.27 0.5 3.43 1.35 .033 13.0 

1.27 0.5 3.48 1.37 .045 17.9 

1.27 0.5 3.43 1.35 .054 21.2 

1.27 0.5 3.45 1.36 .057 22.5 

1.27 0.5 3.53 1.39 .141 55.5 

2.5A 1.0 3.63 1.43 .008 3.1 

2.54 1.0 3.45 1.36 .017 o.6 

2.54 1.0 3.51 1.38 .018 7.0 

2.54 1.0 3.63 1.43 .036 14.1 

2.54 1.0 3.68 1.45 .056 22.0 

2.54 1.0 3.51 1.38 .067 26.5 

2.54 1.0 3.38 1.33 .129 50.9 

2.54 1.0 3.30 1.30 .218 86.0 

33.6 191.9 

54.0 308.2 

29.6 169.2 

56.0 320.0 

100.5 573.7 

13.4 76.8 

26.7 152.3 

17.1 97.8 

27.3 156.0 

24.9 142.0 

•34.7 197.9 

46.2 264.1 

37.5 214.2 

13.2 75.1 

21.1 120.5 

30.2 172.7 

28.6 162.9 

33.Ü 188.7 

40.3 230.3 

37.6 215.0 

59.2 338.3 

7,  small 
grains 

10% 

307. 

100% 

50% 

50% 

100% 

20% 

60% 

100% 

100% 

40% 

0% 

50% 

50% 

100% 

20% 

60% 

25% 

50% 

50% 

100% 

1 • 
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Table 5a.  Dimensions of aluminum 2014 specimens used in the present 
study.  B and W have the meanings indicated in Fig. 1. 

B 

0.51 cm (0,? in) 

1.27 cm (0.5 in) 

2.54 cm (1.0 in) 

3.81 cm (1.5 in) 

w 

7.62 cm (3 in) 

7.62 cm (3 in) 

7.62 cm (3 in) 

7.62 cm (3 in) 

Number of 
specimens 

a tested 

4 57 cm (1.8 in) 5 

4 57 cm (1.8 in) 7 

4 57 cm (1.8 in) 7 

4 01 cm (1.58 in) 6 

Table 5b.  Dimensions of aluminum 2219 specimens used in the present 
study.  B and W have the meanings indicated in Fig. 1. 

B 

0.38 cm ( .15 in) 

0 72 cm ( .28 in) 

1.44 cir. ( .56 in) 

3.81 cm (1.5 In) 

W 

5.08 cm (2 in) 

5.08 cm (2 in) 

5.08 cm (2 in) 

7.62 cm (3 in) 

3.05 cm (1.2 In) 

3.05 cm (1.2 in) 

3.05 cm (1.2 in) 

4.19 cm (1.65 in) 

Number of 
specimens 

tested 

5 

5 

5 

7 
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Table  6.     J-integral  data  for aluralnuin alloy  2219-T87   In  the L-T orientation at   76  K. 

Samole  // B(cm) B(ln) b(cm) b(in) Aa(cm) Aa(10"3  in) 
■ in* 

A-4 . 18 .15 2.03 ,80 0 0 10.0 57.2 

A-5 . IH .15 2.04 .80 .013 5.1 12.6 72.1 

A-3 . a .15 2 03 80 .033 12.8 16.7 95.4 

A-l . w .15 2.04 .80 .074 29.0 21.8 124.6 

A-2 .38 .15 2.02 ,80 .130 51.0 33.7 192.3 

B-4 .71 .28 2.03 .80 .001 0.4 9.6 54.7 

B-5 .71 .28 2.09 .82 .008 J.4 10.9 62.2 

B-3 .71 .28 2.06 .81 .024 9.3 13.1 74.8 

H-l .71 .28 2.11 .83 .097 38.1 12.5 105.5 

B-2 .71 .28 2.06 .81 .183 71.9 27.3 155.8 

C-3 1.42 .56 2.08 .82 .002 0.7 9.0 51._. 

C-5 1.42 .56 2.02 .80 .013 5.1 11.7 66.8 

C-l 1.42 .56 2.09 .82 .020 8.0 13.0 74.1 

C-2 1.42 .56 1.99 .78 .076 30.0 16.6 94.6 

1 -7 1.42 .56 2.01 .79 .157 62.0 20.2 115.3 

D-7 3.81 1.5 3.65 1.44 .009 3.8 10.0 56.9 

D-6 3.81 1.5 J.47 1.37 .067 26.2 13.4 76.4 

D-5 3.81 1.5 3.51 1.38 .072 28.J 14.8 84.8 

■:f.^i%'h' 



Table 7.  Measured and predicted (from KIc) values of JIc for 

four specimen thicknesses of aluminum alloy 2219-T87 

at 76 K. 

B(cm) B(in) JT (kJ/m Ic 

MEASURED 

2>    JI. 
in-lb 

. 2 ; 

in 
JT (kJ/m 
Ic 

PREDICTED 

Ic( in2 

.38 .15 10.3 59 13.6 77.5 

.71 .28 10.0 s; 13.6 77.5 

1.42 .56 9.6 55 13.6 77.5 

3.81 1,50 9.5 54 13.6 77.5 

Tablf 8. Measured values of crack extension and secant deviation 
for two specimen thicknesses of aluminum alloy 2219-T87 
at 76 K. 

Sample // B(cm) B(in) Aa(cm) Aa(10  in) secant 
(per 

deviati 
cent) 

C-3 1.42 .56 .002 .7 0 

C-5 1.42 .56 .013 5.1 0 

C-l 1.42 .56 .020 8.0 2.1 

C-2 1.42 .56 .076 30.0 7.1 

C-7 1.42 .56 .157 62 14.0 

D-7 3.81 1.5 .010 3.8 3.0 

D-6 3.81 1.5 .067 26.2 4.0 

D-5 3.81 1.5 .072 28.5 5.7 
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Table Al. Maximum stress Intensity and maxlmuu stress Intensity 
corrected for the plastic zone for four specimen 
thicknesses of aluminum alloy 2219-T87 at 76 K. 

1/2, .1/2, .1/2, Sample //  B(cm)   B(ln)  K^MPa-m ' )   K^ksl-In1''')   ^(MPa-m ' ) 1/2 
K*(ksl'ln ' ) 

A-4 .38 .15 46.2 42.0 

B-4 .71 .28 38.1 34.7 

C-. 1.42 .56 34.8 31.7 

D-7 3.81 1.5 34.1 31.0 

0-1 3.81 1.5 37.6 34.2 

0-2 3.81 1.5 37.8 34.4 

57.6 

42.3 

37.9 

35.6 

39.3 

39.6 

52.4 

30.5 

34.5 

32.4 

35.8 

36.0 

0 

0 

List of Figures 

Figure 1.     Specimen configuration used in the present study. 

Figure 2.     J-Aa data for aluminum alloy 2219. 

Figure 3.     Secant deviation versus crack extension for aluminum 

alloy 2219. 

Figure Al.    Observed maximum stress intensity versus specimen thickness 

Q 

l I 
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Figure 1. Specimen configuration used in the present study. 
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Figure 2. J-Aa data for aluminum alloy 2219. 
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Summary;  Magnetothermal Conductivity 

The thermal conductiv 
conductivity of UNS-A91100 
at 350° C for 1 hour) have 
to 20 K. A magnetic field 
resistance and thus lowers 
For the present aluminum s 
6 366 kA/m (80 kOe) magneti 
5.5 K and by 50% at 20 K. 
mined and show an increase 

ity and effect of a magnetic field on the thermal 
in the "0" anneal condition (aluminum 1100 annealed 
been determined in the temperature range 5 K 
typically increases the electronic  thermal 
the total observed thermal conductivity of a metal, 

pecimen (RRI = 32.6) the data indicate that a 
c field reduces the thermal conductivity by 29% at 
Electrical resistivity data have also been deter- 
in resistivity with increasing magnetic field. 
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MAGNETOTHERMAL  CONDUCTIVITY 

L.   L.   Sparks 

Cryogenics Division 
Institute for Basic Standards 
National Bureau of Standards 
Boulder, Colorado 80302 
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1.  Introduction 

The objective is to determine the effect of magnetic fields on the ther- 
mal conductivity of technically important metals.  The need for this infor- 
mation arises from the development of rotating macninery operating at cryo- 
genic temperatures.  The existing world's literature on magnetothermal 
conductivity, A(H), is concerned almost exclusively with scientific materials, 
e.g., very pure materials and single crystals.  A complete bibliography of 
the subject was given by Sparks and Fickett [1]. 

The materials studied in this program are being used or are candidates 
for L'se in superconducting motors and generators.  Optimum design of these 
machines, which must operate at low temperatures while in magnetic fields, 
-squires a datailed knowledge of how the thermal properties of the constituent 
n-tenais are affected by a magnetic field.  The broad material categories 

interest include superconductor stabilizing materials such as copper and 
-iiuminrm, and structural materials such as nickel alloys, stainless steels, 
xnd  metallic composites. 

2.  Procedures 

2.1 Apparatus 

The principal components of the X (H) system are shown schematically in 
Figure 1.  Since the detailed operation of the system has been described in 
previous reports [1,2] and the details of several system modifications were 
discussed in 13], only a very brief reiteration of the system and its opera- 
tion is included here.  The specimen chambt. , as shown in Figure 1, is 
evacuated (operating pressure is less than 10-4 pa) and immersed in liquid 
helium.  The liquid helium provides refrigeration to the specimen via the 
THERMAL LINKS (capitalized terms refer to Figure 1).  The specimen is shown 
mounted with its axis parallel to the axis of the superconducting solenoid 
which allows the lonaitudinal field effect to be determined. 

The basic operation of the system involves balancing electrical power 
supplied to three heaters wich the heat leak to the liquid helium bath via 
the THEI.XAL LINKS. The  electrical heaters were wound, one each, on the 
TEMPERA' URE C0NTROLi..,D HtJAT SINK (TCHS), the SPECIMEN, and the TEMPERING 
POST.  The power supplied tc the TCHS determines the approximate temperature 
of the specimen; the » PECIMFK HEAT" is used to establish a temperature 
gradient along the specimen; and tue 1'tMPERING POST HEATER is used to reduce 
the temperature difference between the specimen and the tempering post to 
less than ±  5 mK.  The TEMPERING POST and TCHS heaters are automatically 
controlled during all tesLs while a constant current is supplied to the 
SPECIMEN HEATER.  The temperatur-. difference existing along the sample due 
to the specimen heater current is deter,.,-; .d at the two THERMOMETER BLOCKS. 
The thermal conductivity ot tho ^p - itmn  i%  then computed from a knowledge 
of the specimen geometry (.ir^a/len-, I , the specimen heater power (Q) , and 
the measured temperature difference a^ong the specimen (AT).  The 

\',l 
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relationship of X to these parameters is given by 

\  = 
TAT 

(1) 

A series of measurements of AT and Q at various fields  (0 <. H <. 6366 kA/m)* 
and temperatures (4 < T < 20 K) result in the data presented in this report. 

2.2  Materials 

One material, UNS-A91100 {aluminum 1100), was tested during this report- 
ing period.  The mill analysis in weight percent of the stock used for the 
X(H) specimen is as follows:  Cu = 0.2, Fe = 0.6, Si = 0.1, and the balance 
is Al.  The t'BSt specimen is in the "0" condition after being annealed for 
1 hour at 350° C in a vacuum of 1.33 X 10"^ Pa and then furnace cooled.  The 
DP hardness of the annealed specimen is 28 (1 kg load) and its density is 
2.818 X 10-^ kg/m^ at 294 K.  The residual resistance ratio, t<2TiK/R4K'   ^s 

32.6, and the ratio of area to length is 4.84 X 10"^ m. 

The THERMOMETER BLOCKS and the SPECIMEN HEATER are attached to the speci- 
men by soldering as detailed in [3].  In order to avoid the difficulties 
involved in soldering to aluminum, thin copper strips were electroplated to 
the specimen as needed after the specimen was annealed. 

3.  Results 

The thermal conductivity of the present specimen is shown in Figure 2 
as a function of temperature with magnetic field as a parameter.  The reduc- 
tion in conductivity from the zero field values caused by a 6366 kA/m (80 kOe) 
field is 29% at 5 K and 50% at 20 K.  The estimated uncertainty of the ther- 
mal conductivity data points is + 6% at T = 4 K and + 8% at T = 20 K. 
Figure 3 presents the relative change in the thermal resistance, AW/WH=o = 
(WH _ WH=O'/WH=0' as a function of magnetic field with temperature as a para- 
meter.  The electrical resistivity is shown in Figure 4.  The estimated 
uncertainty of the electrical resistivity data points is_+ 8%. 

Discussion 

♦ ; 

Attempts to find corroborating data have, to a large extent, been unsuc- 
cessful both ior the case where H = 0 and H ^ 0.  The literature contains 
many references to papers dealing with the thermal conductivity of aluminum 
at zero-magnetic field [4], and several  references given in [1]  deal 
with thermal  conductivity of aluminum in magnetic  fields.  With two 
exceptions, however, the  low temperature thermal conductivity of alumi- 
num data pertain to very high purity polycrystal]ine or single crvstal 
specimens.  This, coupled with the fact thac thermal and electrical crrauc- 
tivities of most good conductors are extremely dependent on trace u.^L/.iJes 
and thermal history, makes direct comparison to the present -^ td d'J'.cult. 

Powell, et  aL [5] measured the thermal and electrical eon^UU iv-ity ot 
two UNS-A91100 specimens; one was used in the "F" condition (a. t '»-rLeaded) 

* The International System of Units (SI) designatior for nign? .c :i*>ld 
strength is ampere per meter, and this unit is used thx.  > igh, ut t lis paper 
The more conventional unit of magnetic field strength, tie  " .rst^d  IF 
also given.  Conversion of oersteds to amperes/meter If ace ■.n'jli ••"cJ by 
multiplying oersteds by 1000/4IT. 

142 

  

T-«sa;. - ■. iat* «V^"'" ■^ vTtrrTT**^.' ^2 



  

11 

and the other in the "0" condition (fully annealed).  His results for the 
"0" specimen were anomalous in that the observed thermal conductivity was 
even lower than that of the "F" specimen.  The RRR for his "0" specimen was 
around 15 when the expected value for this grade of aluminum is ^ 32.  The 
behavior of the "0" specimen was attributed to high impurity levels in the 
stock material.  Present results can also be compared with those of de Nobel [6] 
In this case the data extend down to only 15 K (a 5 K overlap with the present 
data) and the material is not well characterized,  de Nobel's material was 
intended to be used in construction of laboratory apparatus (therefore, not 
of extremely high purity); its conductivity is approximately 5% lower than 
the present data. 

The temperature dependence of the relative change in thermal resistivity, 
AW/WH=o, as shown in Figure 3 is opposite that of the copper specimens tested 
earlier [7].  This temperature dependence has been observed before [8] for 
single crystal specimens at lower temperatures.  Further study of the pre- 
sent data will be necessary to examine the possible scattering mechanisms 
responsible for this behavior. 

The uncertainty in the electrical resistivity data shown in Figure 4 is 
high due to the short specimen length and low allowable specimen current 
(due to small wires).  The scatter in the zero field data was considerably 
higher than the H ^ 0 data.  These data sets (H = 0 and H ^ 0) were taken on 
different days but were otherwise the same.  The H = 0 curve shown in this 
figure is from Clark, et al. [9]; their specimen had the same RRR as the 
present specimen within experimental uncertainty.  An analysis of these 
AP/PH=O data indicate that the magnetic field effect on the resistivity is 
only a very weak function of temperature. 

In conclusion, the thermal conductivity of aluminum UNS-A91100 in the 
"0" annealed condition is reduced when a magnetic field is applied.  The 
magnitude of the reduction caused by a 6366 kA/m field is 29% at 5 K and 50% 
at 20 K.  The temperature dependence of AW/Wn=o is the inverse of that found 
for the copper specimens measured previously. 

5.  References 

1. L. L. Sparks and F. R. Fickett; in Materials Research in Support of Super- 
conducting Machinery - I; R. P. Reed, A. F. Clark, E. C. van Reuth (Eds.); 
Nat. Bur. Stds., Boulder, CO; March 1974; AD780596. 

2. L. L. Sparks and F. R. Fickett; in Materials Research in Support of Super- 
conducting Machinery - II; R. P. Reed, A. F. Clark, E. C. van Reuth (Eds.); 
Nat. Bur. Stds., Boulder, CO; October 1974; ADA004586. 

6. 

L. L. Sparks; in Materials Research in Support of Superconducting 
Machinery - IV; R. P. Reed, A. F. Clark, E. C. van Reuth (Eds.); Nat. Bur. 
Stds., Boulder, CO; October 1975; ADA019230. 

Childs, G. E., Ericks, L. W. and Powell, R. L., Thermal conductivity of 
solids at room temperature and below. National Bureau of Standards (U.S.), 
Monogr. 131, 603 pages (Septemoer 1973). 

Powell, R. L., Hall, W. J. and Roder, R. H., Low-temperature transport 
properties of commercial metals and alloys.  II.  Aluminums, J. Appl. 
Phys. ;n. No. 3, p. 496 (March 1960). 

de Nobel, J., Heat conductivity of steels and a few other metals at low 
temperatures, Physica 17. No. 5, p. 551 (May 1951). 

L. L. Sparks; in Materials Research in Support of Superconducting Machinery 
III; R. P. Reed, A. F. Clark, E. C. van Reuth (Eds.); Nat. Bur. Stds., 
Boulder, CO; April 1975; ADA012365. 

143 

  

ufiaofc-Sfc**: «-r" 



-^ 

Amundsen, T. and Sovik, R. P., Measurements of the thermal magnetoresis- 
tance of aluminum, J. Low Temp. Phys. 2, No. 1, 197G. 

Clark, A. F., Childs, G. E. and Wallace, G. H., Electrical resistivity 
of some engineering alloys at low temperatures. Cryogenics 10, No. 4, 
p. 295 (August 1970). 

i 

! 

List of Figures 
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field with temperature as a parameter. 

Figure 4.  Electrical resistivity as a function of temperature with magne- 
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from Clark, et al.[9]. 
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Sununary:  Thermal Conductivity 

During the current reporting period no thermal conductivity measurements 
were performed.  The final measurements for this program will be performed 
during the next, and final, reporting period.  Measurements are scheduled for 
the following materials: 

Maraging steel 300 (Fe-18Ni-9Co-5Mo) 
Carpenter 49 steel (Fe-49Ni) 
Boron-Aluminum Composite (longitudinal) 
Graphite-Epoxy Composite (longitudinal, transverse) 

The final report will contain the results of these measurements and a summary 
of tne thermal conductivities of materials pertinent to this program. 
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Materials Research For Superconducting Machinery" WAS initiated (\\ 

ARPA and NBS in FY 74. 

The Westinghouse Research Laboratories (WRL) has bmr\  an 
active participant in the ÄRPA/NBS program throughout. 

The Westinghouse Research Laboratories pixntrani has miu (>ii 

trated on three basic tasks, namely: I. The characterization .ml 

evaluation of candidate structural alloys, 11. The Investigation of 

metals processing considerations on the cryogenic behavior 0? seleittnl 

^ t alloys and III. The evaluation of fabricated joints lor cryogenh 

structural applications. The evaluation procedures employed In the 

WRL program include mechanical and fracture mechanics testing, mein I 

lography, fractography and magnetic and electriral res KUvi t,v measure 

ments from room temperature to 4K. Emphasi-    <•  focused direction 

of this effort is placed upon: (A) utilizi      1 fracture inm.hank'4 

technology to evaluate the KIC (JIC)fractur     „ess .irid fatigue 

crack growth rate (FCGR) of various alloy conditions, (b) tvaluitlng 

various selected materials/processing and fabrication (MI'l ) technlgue-» 

to elucidate the significant effects of MPF on the cryogentr. belmvlor 
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1.0 ABSTRACT 

* 

Interest in the engineering application of superconducting 

field windings in advanced cryogenic structures and devices has stimu- 

lated renewed interest in the mechanical and physical behavior of 

cryogenic structural support materials. Examples of such advanced 

cryogenic applications include such prototype devices as superconducting 

machinery and large s.c. magnets for Magnetohydrodynamic (MHD) and 

Controlled Thermonuclear Reactor (CTR) Type devices. The prior 

existing data base for structural materials in such applications was 

assessed as inadequate for effective materials selection and utili- 

zation in a high reliability design. Consequently, a program entitled, 

"Materials Research For Superconducting Machinery" was initiated by 

ARPA and NBS in FY 74. 

The Westinghouse Research Laboratories (WRL) has been an 

active participant in the ARPA/NBS program throughout. 

The Westinghouse Research Laboratories program has concen- 

trated on three basic tasks, namely: I. The characterization and 

evaluation of candidate structural alloys, II. The investigation of 

metals processing considerations on the cryogenic behavior of selected 

alloys and III. The evaluation of fabricated joints for cryogenic 

structura1 applications. The evaluation procedures employed in the 

WRL program include mechanical and fracture mechanics testing, metal- 

lography, fractography and magnetic and electrical resistivity measure- 

ments from room temperature to 4K. Emphasis in the focused direction 

of this effort is placed upon: (A) utilizing modern fracture mechanics 

technology to evaluate the K,- (JIC)fracture toughness and fatigue 

crack growth rate (FCGR) of various alloy conditions, (B) evaluating 

various selected materials/processing and fabrication (MPF) techniques 

to elucidate the significant effects of MPF on the cryogenic behavior 
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of these alloys, (C) employment of metallographic and fractographic 

analysis techniques to characterize the microstructures and fracture 

surfaces of the tested materials, and (D) evaluating the general and 

specific structural materials considerations required to establish 

failure-safe design materials selection and utilization criteria. 

During this fifth semi-annual reporting period (October 1975 

to April 1976), two additional structural candidate materials were 

introduced namely: Pyromet 538 (21Cr-6Ni-9Mn) and A-286 stainless 

steels. Weldments in both these materials have been fabricated and 

are presently being tested. Tensile and metallographic data on 

additional processed conditions of Inconel 718 is presented. Dynamic 

fracture toughness data at 77K is included which reveals no significant 

differences from the static KIC (JIC) results for Udimet 718 alloy. 

Fatigue crack growth rate results are included for Inconel 706, 718 

and the LEA alloy. Metallographic and fractographic analysis has 

attributed the low ductility and low fracture toughness of Inconel 718 

and 706 weldments to the presence of intergranular (Nb,Ti)C films in 

the weld fusion zones. Relationships originally derived by Hull for the 

prediction of delta ferrite and martensite in austenitic stainless 

steels are presented and evaluated with respect to experimental data 

available. Results on longitudinal varestraint weldability tests 

conducted on both austenitic stainless steels and nickel base 718 

superalloy are presented demonstrating considerable hot cracking is 

experienced in both the FZ and the HAZ of the A-286 and the 718 alloy. 

I 
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2.0 INTRODUCTION 

Work described in this report represents the most recent 

Westinghouse Research Laboratories contribu;ion to the Advanced Research 

Project Agency Program entitled "Materials Research for Superconducting 

Machinery". This program is supported by DOD-ARPA under the direction of 

Dr. Edward C. vanReuth. Program management is administered by the 

Cryogenics Division of the National Bureau of Standards with 

Dr. Richard P. Reed as overall program manager and Dr. Alan F. Clark 

as contract monitor. 

The present Westinghouse Research Laboratories (WRL) program 

has as its objectives: 

(1) To select, characterize and evaluate candidate structural materials 

for suitability of use in advanced superconducting machinery. 

(2) To investigate the influence of selected processing and fabrication/ 

joining .'actors or techniques on the mechanical, fracture mechanics 

and physical (magnetic and electrical resistivity) properties of 

candidate structural materials. 

(3) To develop engineering cryogenic mechanical and physical property 

data of direct usefulness to designers of prototype S.C. machinery. 

(4) To help establish with designers of such systems, more specific 

criteria for selecting and improving the utilization of structural 

materials in S.C. machinery prototypes. 

Four previous WRL semi-annual technical reports have been 

issued on this program as follows: 

(a) WRL Report No. 74-9D4-CRYMT-R1, dated March 1, 1974 

(b) WRL Report No. 74-9D4-CRYMT-R2, dated September 9, 1974 

(c) WRL Report No. 75-9D4-CRYMT-R1, dated March 10, 1975 

(d) WRL Report No. 75-9D4-CRYMT-R2, dated October 10, 1975 
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These Westinghouse reports along with those of the four other partici- 
pating laboratorus, namely, The Battelle Columbus Laboratories, General 
Electric Research and Development Center, Martin Marietta Aerospace- 
Denver Division and The National Bureau of Standards-Cryogenic Division, 

are included in the four corresponding NBS-ARPA overall program semi- 
annual technical reports, entitled "Materials Research For Superconducting 

Machinery-I (dated March 1974), -II (dated October 1974), -III (dated 

March 1974) and -IV (dated October 1975)", respectively. In addition, a 
"Handbook on Materials for Superconducting Machinery" has been published 

by the Metals and Ceramics Information Center at Battelle as MCIC-HB-04. 

Four technical papers have been written by WRL staff members 
concerning work mainly accomplished during the Westinghouse FY 74 and 

FY 75 program. These papers are as follows: 

1. Logsdon, W. A., "Cryogenic Fracture Mechanics Properties of Several 

Manufacturing Process/Heat Treatment Combinations of Inconel X750", 
Advances in Cryogenic Engineering, V. 22, (to be published in 1976). 

2. Kossowsky, R., "Microstructure of Inconel X750 Materials For Cryogenic 
Structural Applications", Adv. in Cry. Engrg., V. 22, (to be published 

in 1976). 

3. Wells, J. M., "Evaluation of Inconel X750 Weldments For Cryogenic 
Applications", Adv. In Cry. Engrg., V. 22, (to be published in 1976). 

4. Logsdon, W. A., Wells, J. M., and Kossowsky, R., "Fracture Mechanics 
Properties of Austenitic Stainless Steels For Advanced Cryogenic 

tA Applications", Westinghouse Scientific Paper 75-9D4-CRYMT-P3, 

3 December 31, 1975 (to be published). 

tl The first three papers were presented at the 1975 I CMC Conference at 
^ Kingston, Ontario and have been submitted for publication in Vol. 22 

'u:; of Advances in Cryogenic Engineering. 
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3.0 INTERPRETIVE SUMMARY 

The purpose of this section is to provide for the casual 

as well as the involved reader both a continuing overall summation of 

accumulated information developed in the Westinghouse program and a 

perspective of the significance of such information relative to the 

design and fabrication of advanced cryogenic machinery. 

I 
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3.1 Program Status 

A testing and evaluation status summary for the Westinghouse 

FY 74, FY 75 and FY 76 efforts are presented in Tables 3-1, 3-2 and 

3-3, respectively. 

For the FY 76 effort, all processing and metals joining 

activities are completed with the exception of three remaining A-286 

GTA weldments (Code 91XX) to be fabricated, radiographed and examined. 

Mechanical tensile testing is completed on the processed 718 base metal 

conditions Code 67XX, 68XX and 69XX and reported herein. Fracture 

mechanics tests on these 718 material codes are in progress and will be 

completed shortly. Mechanical and fracture mechanics specimens have been 

machined for the SMA and GTA weldments in the Pyromet 538 material 

(Codes 94XX and 93XX, respectively) and will be tested shortly. Fracto- 

graphic and additional metallographic analyses have been conducted on 

both the base metal and weldment conditions in the Inconel 706 and 718 

alloys and the Udimet 718 and A-286 base metal materials. Fractographic 

and further metallographic examination and analyses on the Pyromet 538 

and A-286 weldments will be presented in tne following report. 

Magnetic saturation measurements on the A-286 base metal, IN 718 (Code 

69XX), Pyromet 538 (21-6-9) base metal and weldments were conducted in 

this period and are reported herein in Section 8. 
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Finally, an additional technical paper has been completed 

entitled "Fracture Mechanics Properties of Austenitic Stainless Steels 

For Advanced Cryogenic Applications" and is included in this report 

as Appendix A. 

3.2 Alloy Selection and Utilization 

Ten different candidate cryogenic structural alloys have 

been evaluated during the course of the Westinghouse program. Four 
I 

specific alloys, namely: OFHC Copper, AISI 310S and Kromarc 58 Stain- 

less Steels and Inconel X750 nickel-base superalloy were included in 

the original FY 74 effort. Subsequently in the FY 75 program, four 

additional alloys were introduced, namily: PD-135 (a precipitation 

hardening Cd-Cr-Copper alloy) INCO I.LA (an age-hardenable low expansion 

nickel-base alloy),Inconel 718 and Inconel 706 nickel-base superalloys. 

In this third and final year (FY 76) effort, two alloys were included, 

namely: Pyromet 538 (21-6--9) high manganese stainless steel and 

A-286, an age-hardenable stainless steel. 

A particular emphasis has been placed on the characterization 

and documentation of the starting base materials as well as on the 

various processing and fabrication conditions to which these materials • 

were subjected. This characterization includes chemical analysis, 

melting practice and mill processing details when available, heat 

numbers, microstructural analysis, grain size measurements, and hardness 

measurements in addition to the physical, mechanical and fracture mechanics      | 

property evaluations, and fractographic examination and analyses. Such 

emphasis on characterization (and complete documentation thereof) is 

considered essential in a program such as this for two basic reasons, 

namely: x 

•  The specific physical, mechanical and fracture mechanics 

property data generated are applicable to the particular 

materials evaluated herein and may be significantly different 

from similar data generated elsewhere on material of the same ■ 
alloy designation, but of different chemical composition, or 



product form or size which may differ appreciably in 

microstructural detail. 

• It is highly desirable to understand how such properties, 

which are required for design and fabrication considerations, 

are influenced by the actual microstructure and/or com- 

position of a particular alloy. Such information is useful 

in both materials selection and in assessing the effects 

of various processing and fabrication operations involved 

either in the original mill processing of the starting 

materials or in the actual hardware fabrication of a parti- 

cular cryogenic device. 

Other candidate cryogenic structural materials have been 

identified (See Table 5-1) which, on the basis of the limited data 

available, appear worthy of initial screening tests. Modifications 

of these various alloys should also be considered since their composi- 

tions were originally optimized for elevated (rather than cryogenic) 

temperature service. Furthermore, since various combinations of these 

alloys are likely to be employed in the same structure or device, the 

subject of dissimilar metal joint property evaluation for cryogenic 

service should also be addressed. In addition, a significant effort 

is still required by materials scientists and engineers in interfacing 

with the designers and fabricators of advanced cryogenic structures to 

better establish effective and functional materials selection and 

utilization criteria. 

3.3 Mechanical and Fracture Mechanics Properties 

Mechanical property data as obtained from smooth and notched 

(Kt ■ 10) tensile testing for all candidate materials evaluated to 

date in this WRL program are graphically summarized in Figs. 3-1 to 3-4. 

Fracture toughness values evaluated at 4K are summarized in Fig. 3-5 and 

are coded to reflect either base metal, processing effects or weldment 

or brazed sample conditions. Much of this summarized data has been 

reviewed in Section 3 of the previous WRL reports and therefore, the 

remarks following will pertain primarily to the recently added data. 

ff 
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Figure 3-3 now includes the tensile data on the GTA weldments 

in Inconei 706 (VIM-VAR) material which were given a post weld solution 

and double aging treatment, material code 72XX. A comparison of these 

results reveals that the 0.2% yield strength of the 706 transverse weld 

specimens was about 94% at RT and 96% at 4K of the corresponding 706 base 

metal d?ta (condition 71XX). The ultimate tensile strength of t!iese 

weldments achieved only 38% at RT and 83% at 4K of the base metal UTS 

values. The notched tensile strength of the 706 weldment was 86% at RT 

and 83% at 4K of the base metal NTS values. The notched tensile strength 

to yield strength ratio of the 706 weldments was 1.6 at RT and 1.4 at 4K 

as opposed to a constant value of 1.8 for the base metal NTS/YS ratio 

values. Thus, the 706 weldments were slightly more notch sensitive than 

the corresponding base metal but, notch sensitivity is not considered 

a significant problem in either. 

A significantly lower ductility level expressed as either 

reduction in area (RA) or total elongation was experienced with the 706 

weldments as compared to the 706 base metal from RT to 4K. At 4K, the 

welds attained only 17% of the RA and 14% of the total elongation values 

measured for the 706 base metal. These severe losses in the ductility 

of the weld metal relative tr the 706 base metal have been attributed 

to intergranular (Nb, Ti)C carbide films formed in the weld fusion zone. 

Such MC films are associated with the Inconei 718 filler wire uv.-d in these 

welds, since no such films are observed in the Inconei 706 base metal. 

It would be desirable to evaluate GTA weldments made in IN 706 using a 

matching IN 706 filler wire (instead of the 718 filler wire), although 

such tests cannot be included in the present Westinghouse FY 76 program. 

Figure 3-3A is essentially the same graphical summation of 

tensile data for the various Electron Beam and GTA Weldment conditions 

in the Inconei X750 alloy as presented previously as Fig. 3-4. 

Figure 3-4 of this report includes tensile test data for 

Udimet 718 from a separate program ( 1 ) as well as Inconei 718 base 

metal, weld fusion and heat-affected zone and various cold work and re- 

heat treating conditions. The 0.2% yield strength and the ultimate 
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tensile strength of the Udimet 718 was quite comparable to that of the 

Inconel 718 material, both alloys in the STDA condition. The ductility 

of the Udimet 718 billet material, however, was considerably greater 

from RT to 4K than that evidenced by the Inconel 718 billet material 

(Code 64XX). The GTA weldments (Code 65XX) in the Inconel 718 material 

were made using IN 718 filler wire and demonstrated a further significant 

reduction in ductility and in notch tensile strength over the IN 718 

base metal. The notched tensile strength of the heat-affected zone 

in the IN 718 weldments (Code 66XX) was greater than or equal to that 

of the weld fusion zone, but 10 to 20% lower than that of the parent 

IN 718 base metal. 

Figure 3-5 consists of a summary comparison of fra-.ture 

toughness valves at 4K for all materials evaluated to date. No data 

is shown for the OFHC copper, since valid KIC(JIC) measurements could 

not be attained with the techniques employed. The OFHC copper is 

considered of greater fracture toughness than any of the materials 

tested to date. Fracture toughness tests have been conducted on the 

PD-135 age hardenable copper alloy, but results are not shown in 

Figure 3-5 as the elastic constants at 4K are not yet available. 

3.4 Effect o^ Processing 

The effects of the various processing operations included in 

the WRL program on the yield and tensile strength and the fracture 

toughness properties of several alloys are summarized in Figures 3-6 

and 3-7, normalized to their respective base metal conditions. Recent 

data added to Figure 3-6 includes the various processed conditions of 

Inconel 718 (Codes 67XX, 68XX and 69XX) and the comparison of the 

Inconel 706 Vacuum Arc Remelted (VAP) versus the Electroslag Remelted 

(ESR) materials (Code 71XV70XX). The most significant effect of the 

processing operations for these latest additions is for the Inconel 

718 material directly aged following cold working which demonstrates 

an increase of about 20% in 0.2 percent yield strength and 12% in 

ultimate tensile strength. While not shown in Figure 3-6, this Code 

■■prnHH =■ MMM 
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69XX material experienced only a slight decrease (^5%) in the total 

elongation valves as compared to the Code 64XX material. There was 

little difference between the tensile properties of the VAR and ESR 

Inconel 706 billet materials. 

Figure 3-7 shows the effect of the various processing 

conditions on the 4K fracture toughness, expressed as a ratio of fracture 

toughness, normalized with respect to that of the corresponding base 

metal conditions. For the Inconel 706, the toughness of the VIM-VAR 

material at 4K was found to be ^10% greater than that of the VIM-ESR 

billet material. Fracture toughness data for the various processed 

conditions of Inconel 718 are not yet available. 

3.5 Effects of Metals Joining 

The effects of various metals joining processes including 

both brazements and fusion weldments on the yield strength and ultimate 

tensile strength is presented in Figures 3-8 and 3-9. The fracture 

locations of the transverse composite weld tensile specimens for these 

various alloys are indicated. The copper brazed joint in Inconel X750 

(Code 38XX) demonstrated a yield strength level equal to and an ultimate 

tensile strength level below that of the solution treated X750 base 

metal. Both the yield and ultimate tensile strength of the silver brazed 

copper joint (Code 13XX) were below that of the OFHC base metal. Both 

brazed joint conditions failed at the braze interface. 

Figure 3-10 presents a graphical comparison of the fracture 

toughness ratio of joints/base metal at 4K. In certain cases we have 

observed an increase in the fracture toughness of the weldment over the 

base metal level. First in the case of GTA weldments in prior cold- 

worked Kromarc 58 stainless steel where the increased toughness was a 

result of the elimination of the cold working (hardening). Secondly, 

in the case of both EB and GTA weldments in various pre- and post- 

welding heat treatment conditions of the Inconel X750 (MP-1) alloy. 

In this latter case, the remarkable increase in fracture toughness of 

10 
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the weldments over the base metal was attributed to the elimination of 

a continuous brittle carbide film present in the original X750 base 

metal. Otherwise, the fracture toughness values at 4K of the remaining 

weldments and of the copper brazed joint in Inconel X750 were below 

those of their corresponding base metals. 

Fatigue Crack Growth Rate (FCGR) data, although not 

graphically summarized in this section (see Section 6) has revealed 

the following interesting patterns: 

• The FCGR in Kromarc 58, AISI 310S and A-286 stainless steels 

and Inconel X750, 706, 718 and LEA nickel-base siyeralloys 

is significantly greater at room temperature tlv.n at 77 or 

4K. 

• Kromarc 58 stainless steel has the same FCGR at both 77 and 

4K in the 30% cold worked condition as for the solution treated 

and quenched condition. AISI 310S has the same FCGR at both 

77 and 4K in the sensitized (STFC) as for the solution 

treated and quenched condition. Thus, while these respective 

processing conditions do have a significant effect on the 

fracture toughness, no processing effect was observed on the 

FCGR. 

• The various heats of Inconel X750 demonstrated significant 

variations in FCGR as well as in fracture toughness levels. 

The lowest FCGR was evidenced by the MP-2 designated heat 

(AAM-VAR) and the highest FCGR was shown by the MP-1 

designated heat (' V-VAR). The MP-1 heat showed no apparent 

difference in FCGR between the solution treated and the age 

hardened conditions, but such a difference may have existed 

but was masked by the presence of a brittle carbide film. 

Support for such speculation is suggested by the results of 

a higher FCGR in the as-hipped (ST) MP-1 material over the 

HIP/STDA treated material. 

11 
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For the remaining nickel-based superalloys, all in the age 

hardened condition, the lowest 4K FCGR was evidenced by the 

Inconel 706 (VIM-VAR) followed by the IN 706 (VIM-ESR), 

Inconel 718 and finally by the Inco LEA in increasing order. 

Both the GTA welds in Kromarc 58 and the SMA welds in the 

AISI 310S demonstrated higher FCGR values (above a stress 

intensity factor of <35 ksi/fn.) than their corresponding 

base metals. 

Both the vacuum electron beam and the GTA weldments in the 

Inconel X750 demonstrated identical fatigue crack growth 

rates at both 77 and 4K regardless of the pre- or post-weld 

heat treatments investigated. The FCGR of these weldments 

was also identical to that of the parent base metal in either 

the ST or STDA condition at 77 and 4K. 

Reference (Section 3) 

1. Phase IIB, Program for the Development of a Superconducting Generator, 

U.S.A.F. Contract F33615-71-C-l591. 
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TABU 3-1   STRUCTURAL MATERIAI S FOR CRYOGENIC APPLICATIONS 

FY74 ®   Program Status As Of March 10, 1975. 

I 

<\ 

* 
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MiMjl Code Cnndition 

OFHC-Cu 
10XX AR 

UXX SR 

12XX GMAW 

fhsm. Analv. I LiL 

Metallography 

/I 

13XX 

MXX o 

A15I 3105 
20XX 

21XX 

22XX 

Inconel X750 
30XX 

31XX 

32XX 

33XX 

34XX 

35XX 

36XX 

37XX 

38XX 

40XX 

50XX 

60XX 

61XX 

STQ 

STFC 

5MW 

□ A 

ST 

STDA 

ST/EBW 

5 T D Ayl B W 

E B W/S T D A 

S T/ G T W 

S T D A/G T W 

G T W/S T D A 

B 

M P 2/S T D A 

M P 3/S T D A 

HIP 

HK'STDA 

2/1 

Kromarc 58 
80XX 

81XX 

82XX 

83XX 

84XX 

85XX 

86XX 

STQ 

c w 
GTW 

C W/ G T W 

G T W/ C W 

G T WTC W/A N 

GTW/CW/AN 

a/1 

a/1 

2/2 

1 

1/1 

1/1 

2/! 

2/1 

3/2 

3/2 

3/2 

iif) 

2/2 
1/1 

2/2 

3/2 

3/2 

2/3 

2/3 

2/3 

3/3 

3/3 

3/3 

2/2 

2/2 

2/2 

2/2 

2/2 

1/2 

2/2 

4/2 

1/? 

1/2 

10/2 

Physical Prop. 

Mia. 

2/1 

1/1 

JtL 

2/2 

2/1 

1/1 

1/1 
1 

I 

Tensile 

Prncessind Joining JLJSl—U- 

2/1 

1/1 

2/2 

2/1 

1/1 

1/1 

1 

1 

1 

1/1 

1/1 

1/1 

2/2 

2/2 

2/2 

3/3 

3/3 

3/3 

3/3 

3/3 

3/3 

2/2 

2/2 

2/2 

5/2 

3/2 

2/2 

2/2 

2/2 

1/1 

1/1 

3/1 
1 

3/2 

2/2 

2/2 

2/2 

1/1 1/1 1/1 

1/1 1/1 1/1 

2/2 2/2 2/2 

1/2 1/2 1/2 

12   12   12 

1/1 3/2 4/2 

1/1 1/2 2/2 

2/1 2/2 2/2 

3/3 

3/3 

3/3 

4/3 

4/3 

3/3 

2/2 

1/1 2/2 2/2 

1/1  2/2 2/2 

1/1  1/2 1/2 

1/1  1/2 1/2 

1/1  1/2 1/2 

1/1  1/2 1/2 

1/1  1/2 1/2 

1/1  1/2 1/2 

2/2 2/2 2/2 

1/1 2/2 2/2 

1/1 2/2 2/2 

2/1 2/2 2/2 

2/1 2/2 2/2 

Notched Tensile 
R N     H ... 

1/1 1/1  1/1 

1/1 1/1 1/1 

2/1 2/2 2/2 

1/1 1/2 1/2 

II    12   12 

1/1 1/2 1/2 

1/1 1/2 1/2 

2/1 2/2 2/2 

MC      I Jic 
R    N    H B  

131 

1/21/2 

•P. 1/2 

'12 -12 

12-12 

12   12 

2/2 

1/1 

1/1 

1/1 
1/1 

1/1 2/2 2/2 

1/1 2/2 2/2 

1/1 2/2 2/2 

2/1 2/2 2/2 

2/1 2/2 2/2 

1/1 1/1 1/1 
1/1  1/1 1/1 

1/1 2/2 2/2 

1/1 2/2 2/2 

1/1 1/2 1/2 

1/1 1/2 1/2 

1/1 1/2 1/2 

1/1 1/2 1/2 

1/1 1/2 1/2 

1/1 1/2 1/2 

1/1  1/2 1/2 

1/1 2/2 2/2 

1/1 2/2 2/2 

2/1 2/2 2/2 

2/1 2/2 2/2 

/I 2/2 2/3 

71 2/2 2/3 

•/2-/3 

FCGR 

R    N    H 

12   ft 

12   ß 

12 

■n 4/2 2/3 

71 4/2 2/3 

• 12 -12 

•12-11 

'12-12 

'12-12 

'12 -12 

'12 -12 

12/2   2/2 

• 12 -12 

'12-12 

• 12 -12 

'12-12 

1/1 2/2 2/2 

1/1 2/2 2/2 

2/1 21? 212 

2/1 2/2 2/2 

2/1 2/2 2/2 

/I 12 12 

'12 -ß 

-12-ß 

12-ß 

12-ß 

12-12 

12-12 

Notes-   1 Optical Microscopy 

2 Replicate and Transmission Electron Microscopy, X-Ray Dispersive and Microprobe Ana'vsis to be Incorporaied as Required 

3 Elastic-Plastic (JICI Testing and Analysis Technigues to be Incorporated Where Linear-Elastic iKIC) Data is Non-Valid 

4 Macro-and Microfractographic (SEM) Examination Schedule to be Adjusted in Response to Exhibition of Unusual Material Behavior 

• Available Specimen Size Invalid for Meaningful KIC Interpretation -Test Eliminated 

D Certified Chemical Analysis from Supplier 

B Ditto-Additional Interstitial Analysis Completeu at® 

■• JTC Tests Substituted for KjC 

o Solder Joints Not Suitable for Mechanical Tests, Tests Eliminated 

Fractography 
R   N   H 

(41 

1/1 3/3 3/3 

3/3 

/I /I 3/3 

/I /I 2/2 

/I /I 2/2 

8/1 1/2 4/3 1/2 1/3 3/3 

'3/1 2/2 2/31 1/2 1/3 3/3 

2/2 2/2  /I /3 3/3 

4 2/2 12 2/3 

5 2/2 12 4/3 

1/1 2/1 

1/1 1/1 

1/2 2/2 

1/1 2/2 

1/1 2/2 

1/1 2/2 

I 1 

I 1 

2/2 2/2 

2/2 37 

2/2 2/3 4/4 

2/2 2/3 2/3 

1/1 1/2 2/2 

1 I   2/2 

I 1   2/2 

1 1   2/2 

1 1   2/2 

1 1   2/2 

1 2/22/2 

1 1   2/2 

1 1   2/2 

1/1 2/2 2/2 

1 1   1/2 

1/2 1/2 2/3 

1/2 1/2 2/3 

2/2 2/2 

1/2 1/3 2/3 

1/2 1/3 2/3 

1/11/3 2/3 

I    1  2/2 

2/2 

2/2 

2/2 

- HHMI mmm 
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TABLE 3-2-STRUCTURAL MATERIALS FOR CRYOGENIC APPLICATIONS 

Dm,   Z57C159 

FY75® Program Status as of April 9, 1976 

\ 

Material Code 

PD135 Copper 
'.5XX 

Inconel X750HIP 
62XX 
63XX 

Inconel 718 
64XX 
65 XX 
66XX 
67XX 
68XX 
69XX 

Inconel 706 
IEFRI 70XX 
IVAR)71XX 
WAR) 72XX 

INCO LEA 
73XX 
74XX 

KromarcSS 
87XX 

IChem. 
Condition Analysis 

EXT/PHT 

GTAW/STDA(fZ) 
GTAW/STDAIHAZ) 

STDA 
ST/GTAW/STDA(FZI 
ST/GTAW/STDAIHAZ) 
ST/CW/AN 
ST/CW/AN 
ST/CW/AN 
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Metallography 

!H (2) 

21? 

2/2 
2/2 

4/4 4 
3/3 4 
3/3 4 
2/3 
2/3 
2/3 

4/4 4 
4/4 4 
3/3 4 

(31 

Physical Prop. 
Mag.    Res. 

1/1       2/2 

1/1       1/1 

Processing 
Operations 

2/2 
1/1 

1/1 
1/1 

3/3 
2/2 

1/1 

1/1 1/1 
1/1 1/1 
1/1 1 
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1 
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1/1 
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2/2 
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2/2 
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Plates 
Joined 
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3/3 
3/3 

Tensile 
R   N    H 

3/3 
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2/2 2/2 2/2 

'12'12'12 

2/2 2/2 2/2 
2/2 2/2 2/2 

2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 

2/2 2/2 2/2 
2/2 2/2 2/2 
2/22/22/2 

2/22/2 2/2 
'12 12 '12 

2/2 2/22/2 

Notched Tensile 
R    N     H 

2/2 2/2 2/2 

'12 '12 '12 
'12 'I2'l2 

2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 

2/2 2/2 2/2 
2/2 2/2 2/2 
2/2 2/2 2/2 

2/2 2/2 2/2 
'12 '12 '12 

2/2  2/2 2/2 

R    N    H 

6/6 

'lb 

6       5/6 
2 2/6 
2 2/6 

It 
lb 
lb 

5/6 
7/6 
4/6 

5/6 
'It 

bib 

FCGR 
R    N    H 

12   12 

1   1/2  2/2 
12 
12 

1    1.   1 
1    1    1 
1    1    1 

Fractography 
R     N    H 

2   1/2 
1   1/2 

12 

1   \/2 1/2 
•13 

1   1    1/2 

1/1 1/2 2/3 

'/I '/l •/3 
71 '/l 'li 

1/1 2/2 3/3 
1/1  1/1 3/3 
1/1 1/1 2/3 

2      2 2/2 
2     2 2/2 
2     2 2/2 

1/1 1/1 2/3 
1/1 1/1 3/3 
1/1 1/1 3/3 

1/1 1/1   2/3 
•/I '11  'li 

1/1   1/1   1/3 

Notes:  (1) Standard optical microscopy 
(2i Electron microscopy,    microprobe 8t x-ray dispersive analysis incorporated as required 
a Certified chem. analysis from supplier, additional interstitial gas analysis by 8 
a Analysis conducted for this material in FY74 program 
131 Physical property deter:riiniations also conducted on five materials (Fe - 9%Ni, Fe -68%Ni, 

Fe - 3% Si, AISI 416SS and ARMCO Fe) requested by NBS 
• Fra 'ure mechanic tesling and fractographic analysis of these specimens indefinately postponed 

FY 76 9 Program Status as of April 9, 1976 

Material Code 

A-286 
90XX 
91XX 

Pyromet 538 
(21-6-9 SS) 

92XX 
93XX 
94XX 

Condition 

SfOA 
STO/GTAW 

STO 
STO/GTAW 
STQ/SMAW 

Chem. 
Analysis 

Metallography 
111      (21 

6 
2/? 

5/5 
2/2 
2/2 

Physical Prop. 
Mag.    Res. 

Processing 
Operations 

Plates 
Joined 

Tensile 
R    N    H 

2/2 
12 

i/1 
212 / 

2/2 2/2 212 
12  12   12 

4/4 

1/2 
1/2 

2/2 
212 
212 

2/2 
2/2 

n n n 
12  12   12 
12  12   12 

Notched Tensile 
R    N     H 

12   12    12 

n n  n 
12   12    12 
12   12    12 

R    N    H 

Notes-   (1) Standard optical microscopy 
(21 Electron microscopy, microprobe, x-ray dispersive analysis incorporated as required 
a Certified chemical anlaysis from supplier, additional interstitial gas analysis by t 

■ Chemical anlaysis conducted by 8 

FCGR 
R    N   H 

1     1    1 
/I   /I   /I 

/I   /I  /I 
/I   A   /I 

Fractography 
R     N    H 

2/2 2/2 2/2 
li   12   12 

1/2 1/2 /2 
/2 12    12 
1/2 /2 /2 
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4.0    WESTINGHOUSE PROGRAM DESCRIPTION 

I 

Interest in the engineering application of superconducting 

field windings in advanced cryogenic structures and devices has stimu- 

lated renewed interest in the mechanical and physical behavior of 

cryogenic structural support materials. Examples of such advanced cryo- 

genic application areas include such prototype devices as superconducting 

motors and generators and large superconducting magnets for MHD and 

Tokomak and Mirror Type fusion power devices. The prior existing data 

base for structural materials in such applications was assessed as 

inadequate for material selection and utilization in a high reliability 

design. 

This program represents the active participation of the 

Research Laboratories of the Westinghouse Electric Corporation under 

Contract CST-8304 in a comprehensive overall program for cryogenic 

structural materials for s.c. machinery m.  itored by the Cryogenics 

Division of the National Bureau of Standards. The overall program is 

sponsored by the Advanced Research Projects Agency (ARPA) of the 

Department of Defense., An overall outline for the Westinnhouse portion 

of the ARPA-NBS program is shown schematically in Fig. 4 1. The principal 

personnel involved are listed in Figs. 4-2 according to their respective 

functional program responsibility areas. 

A brief summation of the candidate materials evaluated, the 

processing considerations and the metals joining considerations 

included in each of the three years of the Westinghouse Program is 

presented below. 

13 
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4.1 FY 74 Program Summation 

o Candidate Materials Evaluated: 

OFHC Copper 

AISI 310 S 

Kromarc 58 

Inconel X750 

o Processing Considerations: 

Sensitization (STFC) in AISI 310S 

Melting Practice and Mill Processing in IN X750 

Hot Isostatic Pressed IN X750 

Cold Working in Kromarc 58 

o Metals Joining Considerations: 

Gas Metal Arc Weldments in OFHC Copper 

Silver Brazements in OFHC Copper 

Solder joints in OFHC Copper 

Shielded Metal Arc Weldments in AISI 310S 

Gas Tungsten Arc Weldments in Kromarc 58 

Electron Beam and Gas Tungsten Arc Weldments in 

Inconel X750 with pre- and post-weld heat treatments, 

4.2 FY 75 Program Summation 

o Candidate Materials Evaluated: 

PD 135 Copper Alloy 

Inco Low Expansion Alloy 

Inconel 706 

Inconel 718 

o Processing Considerations: 

Melting Practice in IN 706 (ESR vs. VAR) 

Comparison of Inconel vs. Udimet 718 Alloy 

Anisotropie CW texture in Kromarc 58 

0 

14 
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o Metals Joining Considerations: 

Copper Brazement in Inconel X750 

Gas Tungsten Arc Weldments in HIP X750 

Gas Tungsten Arc Weldments in INCO LEA 

Gas Tungsten Arc Weldments in IN 706 

Gas Tungsten Arc Weldments in IN 718 (FZ & HAZ) 

4-3 FY 76 Program Summation 

o Candidate Materials Evaluated: 

Pyromet 538 (21-6-9) 

A-286 

o Processing Considerations: 

Plate fabrication from Pyromet 538 billet stock 

Cold working and recrystallization in IN 718 

Comparison of Armco versus Cameron Iron A-286 alloy 

Evaluation of predictive expressions for martensite 

formation in austenitic stainless steels 

o Metals Joining Considerations: 

Evaluation of predictive expressions for delta ferrite 

formation in austenitic stainless steel weldments 

Gas Tungsten Arc Weldments in Pyromet 538 

Shielded Metal Arc Weldments in Pyromet 538 

Gas Tungsten Arc Weldments in A-286 

Varestraint weldability testing for microfissuring 

(hot cracking) in various austenitic stainless 

steel and nickel-base superalloys. 

) * 
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5.0 GENERAL CRYOGENIC STRUCTURAL MATERIALS SELECTION/ 
PROCESSING/FABRICATION CONSIDERATIONS 

The Westinghouse portion of the overall ARPA/NBS program 

entitled Materials Research For Superconducting Machinery is concerned 

with the selection and evaluation of several metal alloys in various 

processed and fabricated forms as cryogenic structural alloys. A 

listing of the more promising candidate structural alloys for advanced 

cryogenic structural applications compiled by the present author is 

included as Table 5-1. Those alloys previously investigated in the 

Westinghouse program for FY 74 and FY 75 are identified in Table 5-1 

by a single and a double asterisk respectively and have been documented 

in Section 5 of the prior reports of this series (1-4 ). Those additional 

alloys included in the present FY 76 program are noted by a tripole 

asterisk and are documented herein in Table 5- 2 through Table 5- 

The material and test specimen identification (Coding) system employed 

throughout this entire program is presented in Table 5- 6 . 

5.1 Materials Selection Considerations 

5.1.1 Microstructural Stability in Austenitic Stainless Alloys 

Among the general criteria for selection and utilization of 

structural materials for advanced cryogenic applications 's the desir- 

ability that a candidate alloy be resistant to microstructjral and 

attendant magnetic transformations. Microstructural transformations can 

be mechanically deleterious by introducing: (a) weak or low fracture 

toughness phases, (b) net volume changes and/or dimensional distortions 

and (c^localized yet appreciable residual stress levels. Structural 

transformations can also result in significant ferromagnetic behavior 

in previously paramagnetic materials. 
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Microstructural transformations will often be accompanied 

by attendant irreversible magnetic transformations due to the intrinsic 

differences in various microstructural phases (e.g. austenite in stain- 

less steel is basically paramagnetic but delta ferrite and a'  martensite 

are ferromagnetic). However, magnetic transformations can also occur 

reversibly in the absence of a microstructural transformation. For 

example, Inconel 718, while remaining fully austenitic, demonstrates a 

paramagnetic to ferromagnetic transition at a Curie temperature of 

< 77K for the solution treated and < 160K for age-hardened conditions, 

respectively ( 5 ). Also, 310(5) was reported earlier in this 

program ( 2 ) to demonstrate weak ferromagnetic behavior at 4K while 

remaining fully austenitic. 

Austenitic stainless steels have been and will continue to 

be, considered as prime candidate materials for advanced cryogenic 

structural applications, primarily because of the following general 

characteristics: 

• Low ferromagnetic behavior (basically paramagnetic or 

antiferromagnetic). 

• Absence of a sharp ductile-to-brittle transition behavior*. 

• Relatively high fracture toughness at cryogenic temperatures. 

• Relatively low thermal conductivity 

• Generally acceptable formability, machability and 

weldability. 

• Generally good commercial availability at reasonable cost. 

While austenitic stainless steels are generally considered to 

be fully austenitic and "non-magnetic" (paramagnetic), it is (or should 

be),nevertheless,quite well known that many austenitic stainless steels 

are actually neither fully austenitic nor fully paramagnetic, especially 

in the welded and/or cold worked condition and exposed to cryogenic 

* Ductlle-to-Brlttle transformations in austenitic Cr-Mn-N steels 
with little or no nickel content have been reported, however (6 ). 
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temperatures. In many advanced cryogenic structural applications such 

as superconducting motors and generators and large superconducting 

magnets for fusion or MHD power generation devices, the presence of 

non-austenitic microstructural phases and ferromagnetic behavior may Le 

neither desirable nor tolerable. Consequently, it is useful to briefly 

review and to further describe the nature and magnitude of such depar- 

tures from fully austenitic and fully paramagnetic behavior, especially 

in those specific alloys of interest to designers of advanced cryogenic 

structural devices. 

Three microstructural phases (other than austenite) which may 

occur in austenitic stainless steels and be a cause of concern are 

delta ( 6)  ferrite, epsilon (e) martensiii and alpha prime («') martensite, 

Two of these phases, namely the 6 -ferrite and the a' martensite, have 

the body centered cubic crystal structure and are ferromagnetic. 

Analytical means are available to predict the presence and to approxi- 

mate the amount of the <5-ferrite and a'-martensite phases and arc 

discussed in the following two sections. 

5.I.2 Martensite in Austenitic Stainless Alloys 

Martensite is a metastable (not a true equilibrium) diffusion- 

less decomposition product of the face centered cubic solid solution 

austeni'-e phase in rapidly cooled iron-based alloys. The occurrence 

of martensite is generally surpressed in austenitic stainless steels 

at room temperature and above by the presence of significant amounts of 

austenite stabilizing elements such as nickel, manganese and nitrogen. 

However, martensite can and does form in many plastically deformed 

austenitic stainless steels at or below a temperature designated as (M.) 

or, in some cases when the undeformed austenitic structure is cooled 

to a sufficiently low temperature (M,.), (see References 6-18). 

The presence of martensite in an otherwise austenitic alloy 

introduces both residual stresses associated with a volume expansion and 

ferromagnetic behavior, which should be considered in the design of 

advanced cryogenic structures. While verification test results of the 
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cryogenic structural and magnetic properties of available specific 

alloy compositions are often not known during the initial materials 

selection and conceptual design period, predictive equations are 

available to assess the stability of stainless alloys. 

Expressions for the temperature(s) at which martensite could 

form with and without deformation assistance (M, and M respectively) 

in austenitic stainless steels were established by Hull ( 7 ). These 

equations express the M, and M temperature as a function of the alloy 

composition and are presented below: 

Md (0F) = 2520 - 106 (Ni + Ni equiv. for Md) 

M. (0F) = 2700 - 106 (Ni + Ni equiv. for M ) 

(1) 

a 

I 

Basically, Hull found that all elements lowered the M, and M 

temperatures but that the effectiveness (nickel equivalency) of many 

elements was approximately only half as large in reducing the M. as 

compared to the M temperature. The main ramification of this signifi- 

cant difference in the nickel equivalency of a given element on M. vs 

M is a considerable (and sometimes unappreciated) elevation of the M, 

temperature. The relative effectiveness of various elements on lowering 

both the M, and M were presented in Table 6 of Hull's paper ( 7 ). 

The present author has simply translated these data to nickel equivalents 

by normalizing with respect to the effect of nickf.l alone (i.e. numerical 

division by 106 for both M, and M ). The resulting functional equations 

thus achieved are: 

Md (0F) = 2520 - 106 (Ni + 0.40Cr + 0.69Mn + 0.41Mo + 0.34Si 

+ 1.07V + 0.78Ti + 0.91A1 + 13.2C + 5.38N + l.llCb 

+ 1.09Ta + l.UCu + 0.22Co) (3) 

M (0f) ■ 2700 - 106 (Ni + 0.80Cr + 0.92Mn + 0.94Mo + 0.63Si 

+ 2.17V + 3.07Ti + 5.21A1 + 40.6C + 54.7N + 0.86Cb 

+ 1.28Ta + 1.44CU + 0.23Co) (4) 

20 
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Where the M^ and Ms temperatures are given directly in degrees Fahrenheit 

and all elements are given in weight percünt. 

Several austenitic stainless steel alloys of interest to this 

program have been examined with respect to the structural stability 

predictioni of the above equations. The results of tnese calculations 

are presented in Table 5- 7 (actual heat compositions) and Table 5-8 

(specification composi'Jon ranges). Certain significant points which 

are demonstrated by these calculations are as follows: 

• For the six specific allo> heat composition? shown in Table 5- 7 , 

all have a calculated Ms well below that of absolute zero and 

hence are predicted as being fully stable (i.e. martensite will 

not form) in the unstrained condition to 4K. Note that while 

the value of the calculated M ' temperature is below absolute 

zero and hence represents an imrnaginary temperature, the magni- 

tude of the negative Ms value provides a further indication of 

the relative Ms stability of these alloys. Thus the Kromarc 58 

alloy indicates the greatest unstrained stability (M ^-leOOK), 

followed by the Nitronic 33, A-286, Pyromet 538 (21-6-9), AISI 

310S and lastly,by the AISI 305 stainless (M ^ -121K). 

• For these same six specific alloy compositions, a considerable 

difference exists in the calculated Md values. The three highest 

nickel (and nickel equlvelent) content alloys (K-58, A-2R6 an--. 

310(S)) have a calculated Md << 0 K and hence are prerHctei 

be fully structurally stable in the strained condir. at 4 K. 

However, the remaining three lower nickel content . oys 

(Pyromet 538, Nitronic 33 and AISI 305) have a calculated MJ » 0 K 
d 

and therefore are predicted to be structurally unstable (i.e. mar- 

tensite will form) in the strained condition at temperature well 

above 4 K. 

• Limited data available on these specific composition alloy is 

available against which to compare the above predictions. Magnetic 

and/or metallographic examination ( 1 - 4 ) of the Krornarc 58, 

A-286 and the AISI 310(S) materials indicates the absence of 
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martensite in both strained and unstrained material (tensile 

specimens) at 4 K, and thus indicates that both the M, and the H —_.    d       s 

temperatures for these samples are << 4 K. Magnetic measurements ( 4 

on unstrained Pyromet 538 (21-6-9), and Nitronic 33 at 4 K indicate 

both these base metal stainless alloys to be antiferromagnetic and thus 

to have an M « 4 K. However, for strained material, martensite and 

ferromagnetism have been observed in Pyromet 538 at 77 and 4 K by 

Tobler and Reed ( '9 ). Wells and Kossowsky ( 20 ) have observed 

apparent martensite and ferromagnetism in Nitronic 33 weldments 

strained at RT (See Section 7, Fig. 7- 22 ). Thus for the latter 

two materials, the limited observations to date suggest that their 

respective M. temperatures are >> 4 K. 

While the preceeding discussion has involved specific alloy 

heat compositions, it is of further interest to examine the austenitic 

phase stability (i.e. tendency for y ^ M transformation) over the commer- 

cially accepted composition ranges for these and other austenitic iron 

base alloys. Table 5- 8 indicates the composition ranges for a dozen 

such alloys and lists the associated ranges of nickel equivalents and 

instability temperature fo.- the M. (strained) and M (unstrained) con- 

ditions respectively. Figure 5- 1 presents this same data in graphical 

form. While the absolute value of predicted M, and M temperatures may be 

in significant error (Hull claimed standard errors for the basic M. and 

Ms expressions of 69F (124 K) and 88F (158 K) respectively), such calcu- 

lated values shown provide a reasonable estimate of actual M. and M 
d    s 

temperatures and indicate the following significant observations: 

• An appreciable temperature range is indicated for the micro- 

structural instability (y -»• M) temperature in austenitic stain- 

less steel for both strained (M ) and unstrained (M ) conditions. o s 
This temperature range corresponds to the range of calculated 

nickel equivalence which depends directly on the allowable 

compositional range in any given stainless steel. 

) 
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• Austenitic stainless steels considered for cryogenic structural 

applications may be grouped into three basic classes as follows: 

Class A - Alloys which are structrually stable with respect to 

both Mj and Ms (i.e., Md and Ms << 0 K). Such alloys 

include Kromarc 58, A-286, Incoloy 800 and AISI 310(S). 

Class B - Alloys which are structurally stable with respect to 

Kl but unstable with respp"  o M. (i.e., M << 0 K << M.), 
s d      s        d 

Such alloys include Nitror   0 (21-6-9), Nitronic 33 and 

AISI 309(S). 

Class C - Alloys which are structurally unstable with respect to 

Mj (i.e., Md »  0 K) and may be either structurally stable 
or unstable with respect to M depending on the exact 

alloy composition. Such alloys include AISI 304, 305, 

316 and 321. 

• An estimation of structural stability for any austenitic stainless 

steel alloy of known composition can be made by simply calculating 

the total nickel equivalency factors (Ni + Ni equiv.) as given by 

Eqs. (4) and (5) above. The alloy is likely to be structurally 

stable with respect to M. if its respective total nickel equivalency 

factor is > 28.1. The alloy is likely to be structurally stable 

with respect to M if its respective total nickel equivalency factor 

is > 29.8. Note that separate nickel equivalency equations are 

employed with respect to M. and M . 

• Additional data is available in the open literature (8-17 ) which 

can be reviewed in terms of the above considerations although only 

a limited attempt will be made herein to demonstrate the relevancy 

of these predictive equations First with respect to unstrained (M ) 

instability, Reed and Mikecell ( 11 ) reported M instability in 

both 303 and 304 alloys when soaked at 195, 76 and 20 k. The nickel 

equivalency calculated by the present author for the 304 alloy which 

Reed and Mikesell employed is equal to 29.8. The corresponding 

estimate for M of -4590F suggest marginal stability with respect 
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to M , whereas the actual 304 composition proved to be definitely 

unstable. Nachtigal ( 17  ) reported no observation of martensite 

in unstrained 304 cooled to liquid helium. A calculated nickel 

equivalency of 27.4 (M £ -204oF) suggests that this unstrained 

304 alloy should be unstable at 4 K. Nachtigal did not, however, 

report a nitrogen content for this alloy. A nitrogen content of 

only 0.043 weight percent would reduce the Ms of the alloy by 

^ 250oF and could thus render the alloy stable (Ms < -4520F) to 

martensite formation in the unstrained condition. Larbalestier 

and King ( 14 ) have also reported the presence of approximately 

5% a'  martensite (M instability) on cooling to 4.2 K of a British 

steel equivalent to AISI 321, which is consistant with the Ms 

instability region for the 321 alloy composition range shown in 

Fig. 5-   of this present report. 

Stress induced martensitic transformation (M.) examples reported 

in the literature are also consistant with the calculated M^ 

instability regions shown in Fig. 5- 1 . Reed and Guntner(12, 13) 

have reported a1 martensite formed in 304 stainless strained at 

300, 76 and 4 K. Larbalestier and King ( 14  ) reported Md 

instability at 4 K in tensile specimens of several alloys including 

304L, 304N, 309, 316L and 316N but no such Md instability in 310 

and Kromarc 55 alloys. Tobler and Reed have found an Md in stability 

in Pyromet 538 (21-6-9) at 76 and 4 K. All of which findings are 

entirely consistant with the predictions of the Md instability 

ranges prediction herein in Table 5- 8 and Fig. 5- 1 

5.1.3 Delta Ferrite Formation in Austenitic Stainless Steel 

Delta ferrite ( 6 ) is a body centered cubic metastable solid 

solution phase, found in otherwise face centered cubic austenitic stain- 

less steels, which basically forms on cooling as small irregular shaped 

dendritic "stringers" in both weldments and castings. Several recent 

references (7,21-32) are available in the open literautre on the subject 

of delta ferrite in stainless steel weldments. Delta ferrite is widely 

accepted as being advantageous in improving the hot cracking (microfissuring) 

24 
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resistance of weldments in austenitic stainless steels. However, as 

DeLong (  27  ) has pointed out, the impact toughness at 77 K of 

ferrite containing austenitic weldments decreases appreciably as the 

ferrite content of the weld metal increases. Moreover, delta ferrite is 

also ferromagnetic and thus the magnetic permeability of a stainless 

steel weldment increases with increasing ferrite content. Thus, high 

ferrite containing weldments may not be suitable for many cryogenic 

applications. 

Ferrite levels are now conventionally expressed in terms of 

arbitrary ferrite numbers (FN's) instead of the earlier terminology of 

percent Dy volume of ferrite. A numerical conversion table between 

percent ferrite and the new FN system has been presented by Long and 

DeLong ( 26 )• There is a direct conversion to the FN system by 

Long and DeLong for ferrite levels up to 6.0 percent, beyond which the 

respective FN becomes increasingly larger than its corresponding ferrite 

volume percentage. The determination of ferrite level can be accomplished 

by four practical techniques, namely: 

1. 

2. 

3. 

)• Quantitative metallographic measurement ( 29 

Magnetic Permeability measurement ( 21,33). 

Direct Measurement by a Magnetic Ferrite Instrument such 

as the Severn-Gage or the Magne-Gage (24,26,27). 

4. A computational technique based upon calculation of nickel 

and chromium equivalent values from a known weldment chemical 

analysis. The FN corresponding to such calculated equivalents 

is determined from a revision of the Shaeffler constition 

diagram for stainless steel weld metal such as developed by 

DeLong ( 26 ) and further modified by Hull ( 7  ). 

It should be specifically noted, however, that DeLong's 

formulae (26, 27) for nickel equivalents (effective austenitizers) and 

chromium equivalents (effective ferritizers) used in combination with 

the revised DeLong diagram predict a FN which is applicable to standard 

25 
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AISI 300 series stainless steels (including nitrogen grades), but is not 

appropriate for use with high manganese containing austenitic stainless 

steels such as Kromarc 58 (15Cr-22Ni-9Mn), Nitronic 33 (18Cr-3Ni-13Mn), 

Nitronic 40 (21Cr-6Ni-9Mn) or Nitronic 50 (22Cr-13Ni-5Mn) or with age 

hardenable stainless alloys such as A-286 f15Cr-25Ni-2Ti-0.3Al). A more        ;, 

appropriate approach to predicting FN's for such high manganese 

(i.e. Mn > 2.0 wt. percent) containing stainless steels is to calculate the 

nickel and chromium equivalents according to the formulae derived by 

Hull ( 7 ) and then to use such equivalent values with the Hull revision       • 

of the Schaeffler diagram. Calculated values of FN by using both the Hull 

and the DeLong method are presented in Table 5- 9  for the limited high 

manganese stainless steel weld data available. When these calculated FN 

values are compared against the actually measured FN values, it becomes • 

readily obvious that the DeLong diagram drastically underestimates the 

actual ferrite level of weldments in such high manganese materials. 

A further more recent refinement of the Hull approach is an 

expression which allows the direct numerical estimation of the ferrite 

number without resorting to a graohical plotting procedure. Such a 

predictive expression for the direct calculation of the average FN 

(based upon the average weldment chemical composition) was developed 

recently by Dr. E. W. Johnson at the Westinghouse Research Laboratory 

and is as follows: 

FN - -13.8 - 3.12Ni*+ 2.88Cr* (5) 

where       Ni*= Ni + O.llMn - 0.0086Mn2 + 0.41Co + 0.44Cu    (6) 

+ 18.4N + 24.5C 

and 

Cr*= Cr + 1.21Mo_+ 0,48Si  + 2.27V + 0.72W + 2.20Ti     (7) 

+ O.UCb + 0.21Ta + 2.48A1 

Note:    All  elements are expressed in weight percent. 
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A calculation of the FN's for the same weldments included 

Table 5- 9 is included in Table 5-10 and compared to the FN's obtained 

graphically from the Hull Diagram and the actually measured FN's obtained 

via Magne-Gage measurements by Wells and Hagadorn (20 ) for Nitronic 33 

weldments and by Brooks ( 34 ) for Nitronic 40 weldments. As expected, 

the calculated FN's agree quite closely with those interpolated from 

the Hull Diagram, (See Fig. 5- 2 ). More importantly, these FN values 

both agree very well with the measured FN values of Wells and Hagadorn 

and moderately well with the measured FN values of Brooks. Although only 

speculation on the present author's part at present, it is possible that 

the better agreement of the W&H data may be due in part to the fact that 

the W&H FN measurements were made on actual weldments with a ferrite 

level -5 whereas Brook's FN measurements were made on autogeneous weld- 

ment (spot-varestraint) samples of FN up to 13.5. Additional FN measure- 

ments in actual weldments with high manganese stainless steels would be 

highly desirable to further evaluate the accuracy of the Hull method of 

FN prediction. Nevertheless, tne Hull method is obviously preferable 

to the DeLong Method and provides a reasonably accurate method of pre- 

dicting the presence and extent of ferromagnetic delta ferrite formation 

in high manganese stainless steel weldments. 

5.2 Materials Processing Considerations 

5.2.1 Cold Working and Heat Treatment of Inconel 718 

Prior evaluation of the Inconel 718 alloy employed in this 

program revealed a relatively low ductility behavior for this material(3,4 ). 

The cause of such low ductility behavior has been attributed to a pro- 

nounced contiguous grain boundary metal carbide network which formed 

during the original mill processing of the forging billet stock and 

was not removed by the standard 1800oF (9820C) solution treatment 

employed in this program with sample codes 64XX, 65XX and 66XX. A later 

test series of Inconel 718 samples were subjected to an initial solution 

treatment of 1950oF (1066oC), followed by cold working to approximately 
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38% reduction in thickness without any intermediate heat treatment and 

then resolution treated at .drious secondary solution treatment 

temperatures from 1650oF (900oC) to 1950oF (1066oC). Photomicrographs, 

ASTM grain size measurements and hardness test data for these samples 

was presented in the previous Westinghouse Report ( 4 ) as Fig. 5-4 

and a discussion of ihe results was included in Section 5.2.2. 

Based upon the results of these earlier tests, three processed 

conditions were selected for futher evaluation of the Inconel 718 alloy, 

namely: 

o Code 67XX Initial solution treatment at 1950oF (1066oC) 

Cold Worked ^ 40% 

Secondary Solution Treatment at 1800oF (9820C) 

Double Aged at 13250F (718oC)/1150oF (620oC) 

o Code 68XX Initial solution treatment at 1950oF (1066oC) 

Cold Worked ^ 40% 

Secondary Soltuion Treatment at 1950oF (1066oC) 

Double Aged at 13250F (718oC)/1150oF {620oC) 

o Code 69XX Initial solution treatment at 1950oF (1066oC) 

Cold Worked * 40% 

No Secondary Solution Ireatment 

Double Aged at 13250F (718oC)/1150oF (620oC) 

Photomicrographs representative of the resulting microstructures 

are shown for these three processed conditions in Fig. 5- 3. Rockwell 

nardness measurements and ASTM grain size (average) numbers are listed 

in Table 5- 5 . Little difference was observed in the hardness values 

between Code 67XX and 68XX although a significant difference in ASTM 

grain size numbers is apparent, 8.0 vs 2.9 respectively. Code 69XX 

material which was directly aged following cold working demonstrated 

the largest hardness value (Re 44) and an intermediate grain size 

{% ASTM No. 5.6). No recrystallization is observed in the Code 69XX 

material which was directly aged following cold working. 
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While the effect of grain size alone on the mechanical and 

fracture mechanics properties of 718 is desirable, such information cannot 

be isolated from the present material property evaluations because of 

further microstructural differences other than solely grain size. For 

a detailed description of such microstructural differences between these 

three differently processed conditions of Inconel 718, the reader is 

referred to Section 7 of this report. Both notched and unnotched tensile 

data have been determined for these three conditions and are presented 

in Section 6 of this report. Fracture mechanics evaluations on these 

processed conditions were not completed in time for inclusion in this 

report and will be presented in the next report of this series. 

5.2.2 Processing of Pyromet 538 (21Cr-6Ni-9Mn) Billet to Plate 

A high manganese austenitic stainless steel identified by 

trade name as Pyromet 538 (Carpenter Technology designation) and generically 

as 21-6-9, was introduced into the ARPA/NBS FY 75 program by NBS ( 19 ). 

Since weldments as well as base metal property evaluations in this 

material are necessary for effective cryogenic utilization, this material 

has been included in the Westinghouse FY 76 program. 

The material employed for the base metal evaluation by NBS 

, was received in the form of solution treated and water quenched (ST 

at 2000oF and WQ) plate measuring approximately 2Cr x 20" x 1.4" 

(50 cm x 50 xm x 3.6 cm). This material was provided by Dr. P. R. Landon 

of the Lawrence Livermore Laboratory. The original billet material 

^ I j (Car-Tech Ht. No. 89087) had been hot cross rolled to plate at the Oak 

Ridge National Laboratory according to the processing schedule reported 

by Tobler and Reed ( 19 ). it was the intention of the present pro- 

gram to use the same plate material for the 21-6-9 weldments as had 

j been evaluated as base rnetal by NBS. Unfortunately, similar plate 

(material was not available for the weldment studies. However, portions 

of the original billet material were available and were requested and 

received from Dr. Landon at LLL. This material consisted of forging 

j billet sections measuring approximately 12 inches (30.5 cm) square by 
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4 inches (10 cm) thick. The reported chemical composition of the billet 

material is as shown in Table 5- 2 . Hardness and ASTM average grain 

size number measurements of the as-received billet material were 

Rb 84 and ASTM No. 3.5, respectively. 

Plate material measuring approximately 3/4" t (1.9 cm) x 4" w 

(10 cm) x 80" £ (203 cm) was formed by forging and subsequent hot 

rolling (unidirectionally) of original billet sections measuring approxi- 

mately 4" (10 cm) x 4" (10 cm) x 12" (30.5 cm). The original billet 

section soaking temperature was 2000oF (1093oC) with four intermediate 

reheating cycles to the same temperature employed while forging the 

billet sections into sheet bar measuring approximately 1-3/8" (3.5 cm) 

x 4" (10 cm) x L. These sections were again reheated to 2000oF and 

hot rolled to final thickness of 3/4" (1.9 en.) in four flat and one 

edge pass. The reduction of the billet sections to plate was performed 

by Braeburn Alloy Steel Co. Subsequent final heat treatment consisting 

of a 2000oF (1093oC) solution treatment and water quenching was per- 

formed at the Westinghouse Research Laboratory, A hardness comparison 

of this latter WRL 3/4" thick (1.9 cm) plate in the STQ condition with 

the 1.4" (3.6 cm) plate (also STQ) employed by NBS revealed a slight 

hardness difference ^RB 89 vs. ^B84 respectively), ASTM grain size 

measurements revealed no significant differences (ASTM No. 4.3 vs 4.5 

respectively). Photomicrographs showing the respective microstructures 

of the original billet stock, the NBS plate and the WRL plate are 

shown in Fig. 5- 4 .   No apparently significant differences between 

the WRL and the NBS plate materials were observed. 

* j 
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5.3 Materials Joining Considerations 

5.3.1 Current FY 76 Program Weldments 

Metals Joining activities in the FY 76 program effort were 
concentrated on weldment property evaluation in two materials, namely, 
Pyromet 538, a 21Cr-6Ni-9Mn stainless steel and on Armco A-286, a pre- 
cipitation hardening stainless steel. A literature review revealed 

several prior reference publications concerned with base metal properties 
of the 21-6-9 type alloy ( 35-41 ) and the A-286 alloy (42 - 47 ). 

Literature references addressing aspects of weldability and weldment 
property evaluation v^re considerably less available for the 21-6-9 type 
alloy (48 - 50) and for the A-286 alloy (51 - 55). In general, little, 
if any, reliable information exists concerning the cryogenic mechanical 

and fracture mechanics behavior of weldments in these materials. Consequently, 
weldments in the current Westinghouse FY 76 program consisted of gas 

tungsten arc (GTA) and shielded metal arc (SMA) weldments in Pyromet 538 
(21-6-9) stainless steel and GTA weldments in A-286 stainless steel. 
Photographs showing these weldments are included in Fig. 5- 5 

5.3.1.1 SMA Weldments in Pyromet 538 

Unrestrained butt weldments were made by the manual shielded 
§ metal arc welding process in Pyromet 538 (21-6-9) material. Two weld- 

ments measuring approximately 11/16" thick (1.75 cm) x 3-5/8" w (9.2 cm) 
x 16" a  (40.6 cm) and identified as weld plates HR-1A and IB we-e 
fabricated according to the welding process conditions listed i.i 

I Table 5- 11 for material Code 94XX. The weld plate material employed 
was the 3/4" thick (1.9 cm) Pyromet 538 plate in the STQ condition 

q discussed in Section 5.2.2 above. The filler metal employed was a 

coated Inconel 182 elect^orld of highly dissimilar chemical composition 
(See Table 5- 2 ) with  respect to the base metal. This SMA electrode 
has reportedly ( 56  ) been successfully employed in SMA welding 21-6-9 
stainless steel components at LLL. 

Radiographs of both weldments revealed no significant defect 
indications. A microhardness survey taken both through the thickness 
and across a transverse section of SMA weld HR-1B is shown in Fig. 5- 6 
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An anomalous dark etching band along the entire "Z-HAZ interface is 

observed in photomicrographs (F) and (G) of this figure. Further 

examination of this anomalous FZ-HAZ band by optical and scanning 

electron microscopy reveals that this band consists of a thin band 

of microporosity in the Pyromet 538 HAZ, as shown in Fig. 5- 7. 

Although further investigation of this structural anomally is continuing, 

the present author speculates that the microposisity is perhaps due to 

nitrogen bubbles formed from the melted Pyromet 538 base metal immediately 

adjacent to the original weld plate surface preparations. 

Ferrite measurements via the Magne-Gage revealed a Ferrite 

Number for both these SMA weldments of Zero, i.e. FN=0, as expected 

with the extremely high (> 60%) nickel content of the Inconel 182 

covered electrode. Microstructural examination of the SMA weld fusion 

zone revealed no evidence of delta ferrite as well. 

5.3.1.2 GTA Weldments in Pryomet 538 

Two unrestrained butt weldments were also made by the manual 

gas tungsten arc (GTA) welding process in Pyromet 538 (21-6-9) material. 

These two weldments, measuring approximately 1-1/16" thick (1.75 cm) 

x 3-5/8" w (9.2 cm) x 16" a  (40.6 cm) and identified as weld plates 

HR-'IC and HR-1D, were fabricated according to the welding process 

conditions listed in Table 5- 11 for material Cod3 93XX. The weld 

plate material employed for these GTA weldments was also the 3/4" thick 

(1.9 cm) Pyromet 538 plate in the STQ condition discussed in Section 

| 5.2.2 above. The filler wire employed with these GTA weldments was 

a matching 21-6-9 composition (See Table 5- 2 ) bare wire supplied by 

Dr. P. R. Landen of LLL. 

Radiographs of both these GTA weldments revealed no signifi- 

cant defect indications. A microhardness survey of GTA weldment HR-1D 

(in transverse section) is shown in Fig. 5-  8 . Photomacro and micro- 

graphs of this weldment including FZ, HAZ and BM are also shown. No 

weld defects were observed. Some microporosity was observed in the FZ/ 

HAZ interface but to a considerably smaller extent than a discussed 

above for the SMA weldments. 
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Ferrfte measurements via the Magne-Gage revealed in the 

fusion zone a Ferrite Number for both these GTA weldments as follows: 

HR-1C FN = 5.9 ± 0.8 

HR-1D FN ■ 7.4 t 0.9 

An appreciable ferrite level was also observed by optical micro- 

scopy in the fusion zone of these GTA weldments as well. 

5.3.1.3 GTA Weldments in Armco A-286 

Three unrestrained butt weldments have been made to date by 

the manual gas tungsten arc (GTA) welding process in Armco A-286 

material. These weidments measure approximately 3/4" thick (1.9 cm) 

x 3-3/4" wide (9.5 cm) x 5-1/2" long (^ 14 cm). The short length of 

• these weld plates was dictated by the 5-1/2" {%  14 cm) square dimension 

of the forged billet cross section. Three additional weldments remain 

to be fabricated. The weld plate material was obtained as transverse 

slices from the same Armco A-286 forging billet (Ht. No. 4X0836) used 

• as the source of the base metal material whose properties were also 

characterized in the STQA condition and reported in the previous WRL 

report ( 4 ). Photomicrographs showing the microstructure of the 

STQA treated billet base metal are presented for various billet cross 

I section locations are presented in Fig. 5- 9 . An initial weldment 

(Plate No. A) was fabricated with the weld plate in the solution 

i treated, oil quenched and age hardened condition. Problems were 

experienced initially as weld fusion zone centerline hot cracking as 

shown in Fig. 5- 10 . This macrocracking occurred on the starting 

end of the second filler pass and measured approximately 1 inch (2.5 cm) 

in length. Successive grinding and rewelding of the second and third 

weld passes finally eliminated this fusion zone cracking condition. No 

such cracking was detected in the radiograph (RD No. 76195) of the final 

completed weldment No. A. Microexauiination of transverse sections 

revealed no indications of such fusion zone cracking but did reveal 

eAtensive heat-affected zone microfissuring (hot cracking) as shown in 

Figs 5- io and 5-11 . It was therefore decided to resolution treat 
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at 1650oF (900i:,C) and oil quench all remaining A-286 weld plates and 

omit the subsequent age hardening treatment. The unaged A-286 weld 

plates were then welded according to the weld process conditions 

listed in Table 5- 11 for material Code 92XX. The filler wire employed 

with these A-286 GTA weldments was a non-iratching Inconel 92 composition 

(Sea Table 5- 2 ) bare wire originating from the Huntington Alloys Div. 

of INCO. 

Radiographs of Weld Plates C and E revealed no significant 

defect indications. A microhardness survey of GTA weldment No. C is 

shown in Fig. 5- 12 and reflects the anticipated 1 wer base metai 

hardness (^ RB 90) for this STQ material versus the STQA base material 

hardness (^ Re 37) revealed in the hardness traverse of Weld A shown 

in Fig, 5- 11 . The as-welded fusion zone hardness level fa  RR 96) is 

comparable in both weldments. HAZ microfissuring was observed in both 

A-286 weldments C and E and is shown in Fig. 5- 12 (arrows). 

Ferrite measurements via the Magne-Gage revealed no indication 

of delta ferrite (FN»0) in the weld fusion zone. No ferrite was 

anticipated since the dissimilar weld Inconel 92 filler metal has 

an extremely high nickel content fa 70%  Ni) and dilution by the lower 

but still high nickel content fa 26%)  base me.al would not sufficiently 

lower the nickel equivalency of :hese weldments to the level where delta 

ferrite would occur. Microstructure examination of the weld fusion zone 

confirmed the absence of any detectable  delta ferrite. 

5.3.2 Varestraint Weldability Testing 

A relatively simple snd informative weldability testing procedure 

known as the longitudinal Vartstraint Test was introduced into this pro- 

gram in Section 5.3.2 of the previous WRL report. This Varestraint 

test was originally developed by Savage and Lundin (57 - 59 ) to 

evaluate the relative hot cracking tendency of base materials and of 

prior deposited weld metal. The most significant feature of the Varestraint 

(VAriable RESTRAINT) test is that it provides an inexpensive, laboratory 

suitable and reproducible means for augmenting the normal intrinsic weld 
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metal solidification shrinkage strains and thus simulates the larger 

shrinkage strains attendant to hiVhly restrained production (hardware) 
weldments. 

The test used herein is essentially the same a^ developed 

by Savage and Lundin (S&L) with the exception that the Westinghouse 

sub-size Varestraint test device shown in Fig. 5- 13 has been designed 

so as to accept smaller sized (0.125" t x 1.00" w x 6.00" £) sample than 

that originally employed by S&L (0.250 or 0.500" t x 2.00" w x 12.00" i). 

Varestraint testing of such sub-sized specimens by Westinghouse has been 

reported previously for Incoloy 800 by Gold and Lessmann (60  ), for 

various refractory metal alloys by Lessmann and Gold ( 61 ), for 

A508 and A533 steels by Grotke ( 62  ), and for Nitronic 33,' a high 

manganese stainless steel by Wells and Hagadorn ( 20  )• 

A schematic sketch of the operation of the Varestraint test 

device is shown in Fig. 5- 14 . The test conditions for the present 

tests reported herein were standardized at the following levels: 

Arc Voltage 

Arc Current 

Travel Speed 

GTA Electrode 

Electrode Extension 

Electrode Standoff 

Shield Gas 

Air Cylinder Pressure 

15-16 Volts, DCSP 

60-70 amps 

6.35 mm/sec (15 ipm) 

EWTh-2; 3.2 mm dia., 60° 
Included Angle with 0.8 mm 
flat 

7.9 mm (5/16 inch) 

1.6 mm (1/16 inch) 

100% Ar, 1.42 m3/hr (50 cfh) 

0.55 MPa (80 psig) 

Specimens were tested at various levels of upper surface 

augmented strain over the range of 0.25% to 4.0%. Post test macro- 

examination at 30X permitted the measurement and recording of the number, 

location and length of all observed cracks, both in the weld fusion 

and the heat-affected zone as shown in Fig. 5- 15 . A summary of these 

crack measurements is presented in Table 5-12 and 5-13 for austenitic 

stainless steels and nickel base superalloys respectively. A graphical 
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presentation of the cracking data for the various stainloss steel speci- 

mens is shown in Fig. 5-16 through 5-18 and for the various conditions of 

nickel base superalloy 718 in Fig. 19 through 20. Fhotomacrographs of 

various specimens at selected augmented strain values are presented in 

Figs. 5-22 to 5-32. 

Certain summary observations from this data of particular 

.nterest to the present program are as follows: 

o Fully austenitic stainless steel base metals including Kromarc 

58, AISI 305, and A-286 which did not form any delta ferrite 

when autogeneously welded in the Varestrain test, experienced 

significant FZ cracking beyond a threshold augmented strain 

level of 0.25%. Similar results have also been reported 

for AISI 310S and 316L stainless steels by Arata ( 63 ) 

and for AISI 316 stainless steel by Grotke (62  ). 

o Austenitic stainless steel base metals which did form delta 

i ferrite when autogeneously welded in the longitudinal vare- 

straint test such as Nitronic 33 and Pyromet 538 high manganese 

stainless steels, experienced n£ microfissuring up to augmented 

strain levels of 4 percent. 

o Prior deposited ferrite-,ree GTA weldmen'.s in fully austenitic 

Kromarc 58 stainless steel experienced significant FZ micro- 

fissuring in Varestraint testing, although less than that 

observed in the fe.-rite-free K-58 base metal. 

o Prior deposited ferrite free GTA weldments in Nitronic 33 

stainless steel experienced significant FZ microfissuring in 

Varestraint testing beyond a threshold augmented strain level 

of 0.25%. 

o In general, little HAZ microfissuring was experienced with 

these auf.tenitic stainless steel varestraint test specimens. 

HAZ microfissuring was observed in the ferrite free weldment 

of Nitronic 33 and in the base metal AISI 305 stainless materials 

at augmented strain levels of e ■ 2.0% and E ■ 3% respectively. 
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o The fully austenitic age hardene.ble A-286 stainless steel base 

metal Varestraint test specimens experienced considerable 

microfissuring in b_ith the fusion zone and the heat-affected 

zone areas of the autcoeneous weld bead regardless of the specific 

heat treatment condition, at augmented strain levels from 0.25% 

to 2.0%. The presence of the HAZ microfissuring at the low 0.25% 

augmented strain level, correlates with the previously described 

presence (see Section 5.3.1.3) of such HAZ microfissures in 

unrestrained weldments in A-286. 

o The austenitic nickel-base 718 superalloy Varestraint test speci- 

mens also experienced considerable microfissuring in both the 

fusion zone and the heat-affected zone areas regardless of the 

specific heat treatment condition. The threshold augmented 

strain levels for both the Udimet and the Inconel 718 alloys 

were 0.25% and 0.50% for the FZ and HAZ microfissuring respectively, 

Figure 5- 21 shows a reasonably good agreement between the graphi- 

cal comparison of the present Varestraint results in both Udimet 

718 and Inconel 718 at both 2.0 and 3.0% augmented strain levels 

with previously published results of Väldez and Steinman ( 64  ) 

at 2.6% strain level. 

Further work is underway on the microstructural examination 

and characterization of these microfissures in both the FZ and the HAZ 

in an attempt at improving our understanding of this troublesome 

phenomenon. 
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Figure 5-5   Photoyraphsof weld test plates (as welded) for 
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Figure 58   Microhardness Survey (A&B),Macrostructure©,(XB)   and 
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no. 1B),(0) tliru(H) as welded (X225) 
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Figure 5-8   Microhardness Survey (A&BXMacrostructuretöKXß) and 

Microstructure of STO/GTA welded Fyromet 538(2169)(weld plate 

110.IO) G&thruOO as welded (1(228) 
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18 Fig. 5-13-The Research Laboratories Varestraint Tester with the 
TIG Torch in the position for arc intitiation. Radius blocks and 
tested specimens are shown in foreground 
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Fig. 5-14 -Schematic sketch of the operation of the varestraint test device 
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Location of Weld Puddle 
at the Instant of Application 
of Augmented Strain 

Fused Zone Cracks 

Sol id-Liquid Interface 

Section Removed for Micro Examination 

Arc Location 

HAZ Cracks 

! 

Fig. 5-15-Schematic representation of the top surface of the 
weld and the section removed for metallographic examination 
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Legend: 
ST (1650^) Oil Quenched C.I. Ht. No. 54783 
ST{1650oF) 0.Q./A(1325oF-16hrs) C.I. Ht. No. 54783 

□ ST(1800oF) 0.Q./A(1325oF-16 hrs) C.I. Ht. NO. 54783 
ST (1800oF) Oil Quenched A. S. Ht/ 4X0836 
STiW^F) O.Q.. A(13250F-16hrs) A,S. Ht. No. 4X0836 
STdSOCPF) O.Q., A(13250 F -16 hrs) A. S. Ht. No. 4X0836 

Note:  FN < 0 Measured by Magne Gage 

0    .25    0.5 1.0 2.0 

Augmented Strain, % 

3.0 

Fig. 5-17 -Fusion zone (FZ) cracking observed in longitudinal 
varestraint test on Alloy A-286 
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Legend; 
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□ ST(1800oF) O.Q., A(13250F-16hrs) C.I. Ht. No. 54783 

ST(1800oF) Oil Quenched A.S. Ht. No. 4X0836 
• ST(1650oF) O.Q., A(13250F-16hrs) A.S. Ht. No. 4X0836 

ST(1800oF), O.Q., A(13250F-16hrs) A.S. Ht. No. 4X0836 

Note:  FN< 0 Measured by Magne Gage 
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Fig. 5-18-Heat affected zone (HAZ) cracking observed in longitudinal 

varestraint test on Alloy A-286 
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Legend; 
Udimet 718, HI. No. 9-3688 

o As - Received 
o ST (1800°F) 
a SI (1950° F) 
• STDA( 1800° F/13250F/1150° 
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Inconel 718, HI No. 16G6EY 
• As - Received 
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Fig. 5-19-Fusionzone (FZ) cracking observed in longitudinal varestraint 
test of Alloy 718 
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Udimet 718, Ht. No. 9-3688 
o AS- Received 
o ST (iSOOOF) 
a ST (1950°F) 
• STDA(1800oF/1325oF/1150oF/ 
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Fig. 5-20-Heat-affected zone (HAZ) cracking observed in longitudinal 
varestraint tests of Alloy 718 
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AISI 305 SS- STO 

[■0.25%, FZ TGL=0 
HAZ TCL=fl 

E=2.0o/o,FZTCL=0. 
HAZ TC10 

E=0.5,FZ TCl=0.060- 
HAZ TCL^fl 

%,-M....   ■ .., 

^«r:^^. 

*;;..S^ mp. 

E'3.0%, FZ TCI'0.133' 
HAZ TCL'0.004- 

Figure 5-22 Photomacrogpaphs of Varestraint Test 
Specimens in AISI 305 Stainless Steel in the ST(2000F) 
0 condition at various augmented strain levels (XIO) 
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Kromarc 58 

(1) Base Meta 

»5      ""^y^"* 

m^'-'  ■:' 
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FZ TCI 0031'HAZ TCUO 

(II) Prior Deposited Weld 

E: 1.0% 
FZ TC10052- HAZ ICH 
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[■4.0% 
FZ TCL=0.I37! HAZ TCL=0 

E=4.0% 
FZ TCb0.122'HAZ TCL!0 

Figure 5-23 Photomacrograplis of Varestraint Test Specimens 
Kromarc 58 alloy in (I) Base Metal and(ll) Prior Oepcsited 
Weldment at various augmented strain levels    (X10) 
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Nltronic 33 

(DBase Metal 

[=0.76% 
FZTCL:0     HAZTCL'O 

(II) Prior Deposited Weld 

[=0.50% 
FZ TCL=0.057- HAZ TCL=0 

i^fe«? •:    . --i. ■■-..   -,.j 

[= 4.0% 
FZ TCL= 0   HAZ TCL=0 

■'M 
[=3.0% 
FZ TCL=0.15r HAZ TCL=0 

Figure6-24 Photomacrographs of Varestraint Test Specimens in 
Nitronic33 alloy in (I) Oase Metal and (II) Prior Oeposited 
Weldment (13-20 Mn-Cb)at various augmented strain levels (X10) 
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(I) As Received Billet (II) ST(2fl00°F) 0 
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HAZ TCL=0 
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-mk...... 
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HAZ TCL^O 

FZ TCÜO 
HAZ TCLO 

Figure 6-25 Phctomacrographs of Varestraint  Test 
Specimens in Pyromet 533( iCr-6Ni-9Mn) Stainless 
Steel in the (l)As received billet and(ll) 8T(2000oF) 0 
oonditions at various augmented strain levels   (XIO) 

RM-67165 

A. I    -   I'» ■■ : ~- 



■ 

■. * 

(I) Arnico A-286 
8T(i8000F) 

(II) Cameron A-286 
8T(16500F) 

a [=025% 

FZ TCL=0.007- 
HAZ TCL=0 

FZ TCL=o 
HAZ 101=0.033' 

[' 2.0% 

FZ TCL^o.180- 
HAZ TCL=0.346- 

FZ TCL=0.249- 
HAZ TClO.215- 

Figure 5-26 Photomacrographs of Varestraint Test Specimens 
in(l)Armoo A-286 and (II) Cameron A-286 alloys in the 
ST(i8OOoF)0 and ST(i65OoF)0 conditions respectively at 
augmented strain levels of 0.25% and 2.0%  (Xio) 
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(I) Arnico A-286 (II) Cameron A-286 
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FZ TCL-0.333-' FZ TClO.328- 
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Figure 5-27 Photomacrographs of Varestraint Test 
Specimens in (DArmco A-286 and (II) Cameron A-286 
alloys,l)oth in the ST(i65OoF)0A condition, at augmented 
strain levels of   0.25% and 2.0%   (Xio) 
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Figure 5-28 Photomacrographs of Varestraint [est Specimens in 
(I)Armco A-286 and(ll)Cameron A-286 alloys in the ST 
(i8OO0F) OA condition at augmented strain levels of 0.25% 
and 2.0%     (Xio) 
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As Received 

(II) Inconel 718 

FZ TCL-O      HAZ TCL-O FZ TCL=0       HAZ TCL'O 

FZ TCL:0.061-  HAZ TCL=0 FZ TCU0.124- HAZ TCIO 

>■ 

FZ 1010.172" HAZ T0L«4: FZT0U0.262"HAZT0L=0.152- 

Figure 5-29 Photomacrograplis of Varestraint Test Specimens 
nid) lldiiiie! 7)8 and (II)Inconel 718 in the as received billet 
condition at various augmented strain levels   (X10) 
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810800° F) 

(I) Udimet 718 (ll)lnconel 718 
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FZ TCl-0      HAZ TCL: 0 FZ TCl-0      HAZ TCL; 0 

FZ TCm.Ö47- HAZ TCL- 0 FZ TCL-0.127- HAZ TCL^ 0 

FZ FCW.212- HAZ TCLtOSl1 FZ TCL«!1 HAZ TCL;0.H8: 

Figure 5-30 Photomacrographs of Varestraint Test Specimens ii 
(OOdimet 718 andOl) Inconel 718 alloys in the ST(1800oF) 
condition at various augmented strain levels   (X10) 
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ST (1950° F) 
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(II) Inconel 718 
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Figure 6-31  Photoniacrographs of Varestraint Test Specimens in 
(1) Udimet 718 and (II) Inconel 718 alloys in the ST(196ÜI,F) 
condition at various augmented strain levels      (X1U) 
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Oiliiiiet 718 Alloy 
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Figure 5-32 Photomacrographs of Varestraint Test Specimens 
in udimetyis alloy in the(l)ST(i8OO0FyDA anddI) 81(1950^ 
/DA conditions at various augmented strain levels   (X10) 
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6.0  FRACTURE MECHANICS 

♦ 

Intrcductlon 

The development of increasingly more cryogenic or superconducting 

devices and the almost total lack of low temperature fracture mechanics 

material properties (especially relative to the austenitic materials so 

ideally suited for low temperature structural applications) has created 

a strong demand by designers for the material properties required to 

insure immunity from structural failure of these systems.  Naturally, 

the cryogenic environment has placed severe restrictions on the 

development of these required material properties, especially those nn 

the area of fracture mechanics technology.  Recent advances in fracture 

mechanics technology, especially in the area of elastic plastic fracture, 

have now made it possible to determine the required fracture mechanics 

material properties (specifically fracture toughness and crack growth 

rate) necessary to pemJ.t he application of fracture mechanics 

technology to structures and components subjected to cryogenic environ- 

ments, thus insuring their structural performance. 

This section of the technical report presents and summarizes the 

material properties (tensile, static plus dynamic fracture toughness and 

fatigue crack growth rate) generated throughout the first half of the 

Westinghouse FY 76 ARPA/NBS program. 

*     9 

6.1 Tensile Results 

The Inconel 718 precipitation hardening superal.loy evaluaced 

in the Westinghouse program was obtained as an 11 3/8 in. (29 c. ) 

diameter hot finished forging billet, vacuum induction melted-vacuum 

arc remelted (VIM-VAR).  Briefly, it was found that in the as-received 

conditions, a pronounced contiguous grain boundary network existed at 

/IS 
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the stock, centerline position while at the 5 1/4 in. (13.3 cm) location 

such contiguous particles were not observed at the equiaxed matrix 

grain boundaries but rather at prior "ghost" grain boundaries.    The 

relatively low ductility and fracture toughness demonstrated by this 

1800oF (1255 K) solution treated and double aged Inconel 718 were 

attributed to thin carbide films or an agglomeration of very small carbide 

particles within the grain boundaries.    Carbide chains in the grain 

boundaries also proved detrimental to the ductility and fracture properties 
(2  3) 

of (VIM-VAR) Inconel X750.  ' ' 

Therefore, it appeared that either a higher solution treatment 

temperature to dissolve, such carbides or a final working treatment 

followed by a heat treatment to break up this network arH recrystallize 

the entire structure would be necessary to achieve optimum cryogenic 

material properties with the present Inconel 718 billet material.  As 

a result, the effect of a higher solution treating temperature followed by cold 

work with a subsequent recrystallization heat treatment in reducing or 

removing this contiguous carbide grain boundary network as well as to 

modify the base metal grain size was examined.  The various processing 

and heat treatment details are covered in References 1 and 4.  After a 

1950oF (1339 K) solution treatment followed by cold working the Inconel 718 

was subjected to one of three heat treatment schedules:  (a) 1800oF 

(1255 K) solution treatment and double age; (b) 1950oF (1339 K) solution 

treatment and double age; and (c) double age.  All the tensile and 

notched tensile properties developed on Inconel 718 are summarized in 

Tables 6-1 through 6-3 while Figures 6-1 and 6-2 illustrate the 

influence of processing and heat treatment on the tensile properties 

of Inconel 718. 

Tensile properties of a 10 1/4 in. (26 cm) diameter Udimct 718 

billet are also included in Tables 6-1 through 6-3.  No contiguous carbide 

chains were observed at grain boundaries for the Udimet 718 billet center- 

line location as were observed at the corresponding location in the 

Inconel 718 billet.  Furthermore, no prior ghost boundaries similarly decorated 

with carbide chains or films were observed. 

m 
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> Strength levels, especially yield strength, of the various 

Inconel 718 materials (with exception of the lone Inconel 718 not 

subjected to a post cold work solution treatment) are similar.  This was 

expected based on the strength similarity demonstrated between the original 

I carbide containing Inconel 718 and the Udimet 718.  The cold worked 

plus 1800oF (1255 K) solution treated and double aged Inconel 718 

demonstrated nearly identical ductility as the original Inconel 718, 

which was also solution treated at 1800oF (1255 K) and double aged.  The 

> cold worked and 1950oF (1339 K) solution treated and double aged 

Inconel 718, however, demonstrated improved ductility (both reduction 

in area and elongation) at nearly all test temperatures.  This improved 

ductility was expected since prior microstructural analysis had revealed 

• that the carbide network in the higher solution treated temperature 

Inconel 718 material was appreciably reduced at the matrix grain boundaries 

and the ghost boundary network was no longer observed.    The Inconel 71d 

v, which was not solution treated after cold working typically demonstrated 

| S the lowest base metal ductility.  Despite these various processing and 

heat treatment schedules the ductility of Inconel 718 never approached 

that of the Udimet 718. 

I 6.2 Dynamic Fracture Toughness 

Pressure retaining materials for vessels involving nuclear 

applications must pass minimum dynamic fracture toughness standards. 

In detail, for a particular selected material, the adequacy of dynamic 

fracture toughness must be demonstrated on three heats each of base, 

weld and heat affected zone (HAZ) material.  In other words, the 

dynamic fracture toughness must lie above a specified minimum K  reference 
IR 

M toughness curve temperature corrected based on drop weight NDT tests and 

Charpy impact tests.  ' 

As a result, a system was developed at Westinghouse to 

perform dynamic J tests (that is, load a specimen dynamically to a 

,^  I particular deflection, not to failure).  Dynamic fracture toughness values 

1 

« 
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could then be generated with small scale specimens unlike ehe very thick 

specimens (8 to 12 in., 20 to 30 cm) previously required to obtain valid 

KTj values.    All procedures outlined in the J resistance curve test 
(8) 

technique   were observed, the only difference being the specimens 

were loaded dynamically. 

Initial dynamic cryogenic J tests were conducted at -320oF 

(77 K) on Udimet 718, a structurally stable austenitic superalloy.  Load 

versus time, deflection versus time and load versus deflection traces 

relative to a specific half inch (1.3 cm) thick Udimet 718 compact 

tension specimen are illustrated in Figure 6-3.  Note this specimen 

reached its final load and deflection in approximately 'J.013 sec. 

Figure 6-4 presenus the -320oF (77 K) static and dynanuc J resistance 

curves relative to Udimet 718.  Stf.tic and dynamic fracture toughness 

values of Udimet 718 at liquid nitrogen temperature are summarized 

below. 

Udimet 718 Fracture Toughness 

Temperature = -320°F (77 K) 

Ü 

I 

JIB IC Kic 
ksi   MPa  ln-lb/in^ MN/m ksi/ln MFav^ 

Static  187.8 1295    198   .035  82.1  90.0 

Dynamic  187.^  1295    178   .031   77.9  86.2 

KIC/qvs  ^IC^vs)' 

in 

.44 

.41 

(in) 

19 

17 

Since dynamic tensile te ;n were not conducted, the static yield 

strength was utilized throughout.  As was expected the static and 

dynamic cryogenic fracture toughness values of this structurally stable 

austenitic superalloy are essentially equivalent. 

Future tests will hopefully include dynamic cryogenic fracture 

toughness tests on a structurally stable austenitic stainless steel 

(such as Kromarc 58 or A286) plus a structurally unstable austenitic 

stainless steel (such as Nitronic 40,  2lCr-6Ni-9Mn). While dynamic 
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) loading would not be expected to Influence the fracture toughness of the 

structurally stable austenitic stainless steel, such may not be the case 

for the structurally unstable stainlesr steel. 

> 

(10) 

6.3 Crack Growth Rate Results 

The test procedures utilized in the development of our 

cryogenic fatigue crack growth rate data were spelled out in detail 

in a previous technical report and as such will not be repeated here. 

It is sufficient to state that all the raw log || versus log AK data 

we developed on each of the materials investigated demonstrated the 

nearly linear relationship typical of most fatigue crack growth rate 

data.  Since this linear relationship existed, the crack growth rate 

data was expressed in terms of the generalized fatigue crack growth rate 

law developed by Paris. (11) This crack growth rate law is expressed 

as: 

■M 

i% 

i =Co ^ 
da 

Where dN is  the rate of crack growth, Co is an intercept constant 

determined from the log ^ versus log AK plot, n is the slope of the 

log-log plot and AK is the stress intensity factor range. 

The fatigue crack growth rate (FCGR) properties of Inconel 706 

(VIM-EFR), Inconel 706 (VIM-VAR), Inconel 718 (VIM-VAR) and Inco LEA 

(AAM-VAR) are illustrated in Figures 6-5 through 6-8, respectively.  The 

growth rate of fatigue cracks in both Inconel 706 materials and in 

Inco LEA is directly proportional to temperature; that is, the higher 

the temperature the greater the fatigue crack propagation rate.  The 

growth rate of fatigue cracks in Inconel 718 is also considerably faster 

at room temperature as opposed to cryogenic temperatures even though no 

distinction between cryo^nic crack growth rates is apparent.  In 

addition, Tobler recently reported both ambient and cryogenic temperature 

FCGR data on solution treated and double aged Inconel 718.^12^ 
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Tobler's -4520F (A K) Inconel 718 FCGR data checks very closely with that 

developed on the Inconel 718 examined under this investigation. Tobler 

also found higher growth rates at ambient as opposed to cryogenic 

temperatures although his reported increase in crack growth rate with 

increasing temperature above -4520F (4 K) was not as great as that 

found on the Inconel 718 employed in this Westinghouse program.  Although 

not directly applicable, James reported a direct extension of this behavior 

over the temperature range 750F (297 K) to 1000oF (811 K) for another 

Inconel 718      and in addition on Inconel 600 over the temperature 

range 750F (297 K) to 1200oF (922 K) 
(13) 

Furthermore, higher growth 

rates at ambient versus cryogenic temperatures were previously observed 
(3) 

on an additional superalloy, namely Inconel X750, by both Westinghouse 

and NBS.     Finally, this same crack growth rate temperature dependence 

behavior has been reported on several structurally stable austenitic stainless 

steels, namely Kromarc 58 and A286 by Westinghouse    and AISI 310 S 
(15) 

and A286 by NBS.     Again, James also observed increasing fatigue 

crack growth rates with increasing temperature over the temperature 

range 750F (297 K) to 1000oF (811 K) for an A286 stainless steel 

similar to those examined by Westinghouse and NBS.     Therefore, a 

substantial data base exists which indicates that for structurally 

stable austenitic materials (both superalloys and stainless steels), the 

growth race of fatigue cracks at room temperature is faster than at cryogenic 

temperatures. 

Tobler has reported fatigue crack growth rates on a 21Cr-6Ni- 

9Mn stainless steel faster at -4520F (4 K) than at -320oF (77 K) or roo:n 

temperature 
(18) In addition, the fracture toughness of this stainless 

steel decreased appreciably with decreasing temperature over the 
(19) 

temperature range 750F (297 K) to -4520F (4 K).     During plastic 

deformation at room temperature this alloy experienced little martensitic 

phase transformation, but at -320oF (77 K) and -4520F (4 K) it transformed 

extensively to hep and bec martensitic products and is therefore 
(19) 

not a structurally stable austenitic stainless steel. 

Q 

O 
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Figures 6-9 and 6-10 present a comparison of the liquid helium 

and room temperature FCGR properties, respectively, of Inconel 706, Inconel 

718 and Inco LEA.  At -A520F (4 K), the most favorable FCGR properties 

are associated with the two Inconel 706 iraterials, especially (VIM-VAR) 

Inconel 706, followed in order of increasing growth rates by 

Inconel 718 and Inco LEA.  At room temperature, the two Inconel 706 

materials again produce superior FCGR properties while Inconel 718 and 

Inco LEA demonstrate faster and nearly identical growth rates. The 

room temperature and cryogenic fracture toughness of both Inconel 706 

materials also proved superior to that demonstrated by Inconel 718, 

Inco LEA and most manufacturing process/heat treatment combinations 

of Inconel X750.    The superior fracture mecnanics material properties 

of Inconel 706 combined with its improved machinability, formability 

and reduced cost through the use of lower amounts of expensive alloying 

elements as compared to Inconel 718, therefore, make Inconel 706 

an attractive material for advanced cryogenic structural applications. 

A comparison of the liquid helium and room temperature FCGR 

properties of three saperalloys (Inconel 706, Inconel 718 and Inco LEA) 

versus three stainless steels (Kromarc 58, AISI 310 S and A286) is 

presented in Figures 6-11 and 6-12, respectively. At both -4520F (4 K) 

and room temperature the FCGR properties of the three austenitic stainless 

steels can be bracketed by the FCGR properties relative to (VIM-VAR) 

Inconel 706 and Inco LEA.  In addition, at liquid helium temperature, 

the FCGR properties of the several manufacturing process/heat treatment 

combinations of Inconel X750 covered in Reference 3 can also be bracketed 

in a like manner.  At room temperature, the FCGR properties of (AAM-VAR) 

Inconel X750 are slightly conservative when compared with those of 

(VIM-VAR) Inconel 706^  and as such barely fail outside the abrve 

mentioned scatterband.  Nonetheless, the scatterband summarizing the 

FCGR properties of the various superalloys and stainless steels is not 

very large regardless of test temperature, indicating that the FCGR 

properties relative to the majority of structurally stable austenitic 

materials fall within a relatively narrow scatterband.  Therefore, from 

b\ 
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a FCGR structural reliability standpoint, structurally stable austenitic 

materials are adequate for cryogenic structural applications.  It is up 

to the designer to choose the structurally stable austenitic material 

with the best combination of FCGR, fracture toughness and strength properties 

plus elastic, thermal and magnetic properties among other considerations 

such as fabricability for a specific cryogenic structural application. 

52 

1' ■-" i ' ■" -mwi»1. 4iyw ■■u^><-.'~t~'g 



- -1 

Li f 

•■ 

REFERENCES - SECTION 6 

1. Wells, J. M., Logsdon, W. A., Kossowsky, R. and Daniel, M. R., 

"Structural Materials for Cryogenic Applications, Fourth Semi-annual 

Technical Report", Westinghouse Research Report 75-9D4-CRYMT-R2, 

October 1975. 

2. Kossowsky, R., "Microstructure of Inconel X750 Materials for 

Cryogenic Structural Applications", presented at tha Intei^atior^l 

Cryogenic Materials Conference, Kingston, Ontario, July 1975. 

3. Logsdon, W. A., "Cryogenic Fracture Mechanics Properties of Several 

Manufacturing Process/Heat Treatment Combinations of Inconel X750", 

presented at the International Cryogenic Materials Conference, 

Kingston, Ontario, July 1975. 

4. Wells, J. M., Logsdon, W. A., Kossowsky, R. and Daniel, M. R. , 

"Structural Materials for Cryogenic Applications, Third Semi-annual 

Technical Report", Westinghouse Research Report 75-9D4-CRYMT-R1, 

March 1975. 

5. ASME Boiler and Pressure Vessel Code, Section III - Division I, 

Subsection NB-2300 and Appendix G, American Society of 

Mechanical Engineers. 

6. PVRC Recommendations on Toughness Requirements for Ferritic 

Materials, Appendix 1, Derivation of KTT.  Curve, WRC Bulletin 175, 
IK 

Welding Research Council, August 1972. 

7. Shabbits, W. 0., "Dynamic Fracture Toughness Properties of Heavy 

Section A533 Grade B Class I Steel Plate", Heavy Section Steel 

Technology Program Technical Report No. 13, December 1970. 

53 

_L 
mmmmmmmmmm mm 

'—■. '' «-P. 'jj "ü'. .«L m* "fe^j^ 



  

■u, t 

n 

8. Landes, J. D. and Begley, J. A., "Test Results from J-Integral 

Stuc'ies: An Attempt to Establish a JIC Testing Procedure", Fracture 

Analysis, ASTM STP 560, American Society for Testing and Materials, 

1974, pp. 170-186. 

9. Murayama, N., Pense, A. W. and Stout, R. D., "The Fracture Toughness 

of Cryogenic Steels", presented at the International Cryogenic 

Materials Conference, Kingston, Ontario, July 1975. 

10. Lessmann, G. G., Logsdon, W. A., Kossowsky, R. , Mathur, M. P. and 

Wells, J. M., "Structural Materials for Cryogenic Applications, Second 

Semi-annual Technical Report", Westinghouse Research Report 

74-9r)4-CRYMT-R2, September 1974. 

11. Paris, P. C, "The Fracture Mechanics Approach to Fatigue", Proc. 

Tenth Sagamore Army Materials Research Conference, August 1963, 

Syracuse University Press, 1964. 

12. Tobler, R. L., "Low Temperature Effects on the Fracture Behavior 

of Inconel 718", in Materials Research for Superconducting Machinery V, 

National Bureau of Standards, April 1976. 

13. James, L. A., "The Effect of Temperature Upon the Fatigue - Crack 

Growth Behavior of Two Nickel-Base Alloys", Journal of Engineering 

Materials and Technology, Transactions of the American Society of 

Mechanical Engineers, October 1973, pp. 254-258. 

14. James L. A., "Fatigue - Crack Propagation Behavior of  Inconel 718", 

Hanford Engineering Development Laboratory, HEDL-TME 75-80, 1975. 

15. Tobler, R, L., Mikesell, R. P., Durcholz, R. L. and Reed, R. P., 

"Fatigue and Fracture Toughness Testing at Cryogenic Temperatures", 

in Semi-annual Report on Materials Research in Support of Superconducting 

Machinery, NBSIR 74-393, National Bureau of Standards, October 1974, 

r 4  ' pp. 57-121. 

54 

_L ^—i .....—IIMWIIMJM  m«' -'■ tii..nii'-     — «.-..—.......    tmmmm mmwK'mm* 



■,-.„■,....■„ ■  ...v.,„..,:.■-.■. 

Hl 

'i 

16. Logsdon, W. A., Wells, J. M. and Kossowsky, R. , "Fracture Mechanics 

Properties of Austenitic Stainless Steels for Advanced Cryogenic 

Applications", Westinghouse Scientific Paper 75-9D4-CRYMT-P3, 

December 1975. 

17. James, L. A., "The Effect of Temperature on the Fatigue-Crack 

Propagation Behavior of A286 Steel", Hanford Engineering Development 

Laboratory, HEDL-TME 75-82, September 1975. 

18. Tobler, R. L., private communication. 

19. Tobler, R. L. and Reed, R. P., "Tensile and Fracture Behavior of 

a Nitrogen Strengthened, Chromium-Nickel-Manganese Stainless Steel 

At Cryogenic Temperatures", in Semi-annual Report on Materials 

Research in Support of Superconducting Machinery, NBSIR 75-828, 

National Bureau of Standards, October 1975, pp  131-150. 

• 

55 

■'■:"«  | ■■Hi 



■ ■il«5NWJ"l;»IP«!S!U«p1Wi.;   ■ WIWB«Wll.1W»«l|*'^!*,W^iU"!!J«^»^^ 

_■ Ul •H 
►■ <n 

tl .'^ 
en ■H 

I-' ill 
PS Ai 

m    ro    m 

m    vo    LH 

00 H r-l CM r- m -- (T. P in n (X) 
r- Cl vD r^ (X) a-, 

CM    in    ON 

1     H <N •* vC r>« 
"l     O PI in t0 ao 
-J      CN rj CN CM oj 

■'"4*1 

I 

> 
I 

g -- 
c u 
;-■- 

c 

CO 
HI 
M ^\ 
H « 
pi 
w r« 
p-i <^ 
o CM 
Hi ^ 
PH 

W o 
J in 
H r^ 
w 
SB 4J 
W CO 
H 

w 
J H 
H >,.-] 

W £ 
S5 HI 
w 
H ^ 

t-H 

^D 

w 
.-J 

a 
c 

■H 

« 
c 
O 

^H 
US 

r 5 n) 
■H (U 
4-1 H 
CJ < fr« 
9 

■T! ti 
a) M 
K 

^ 

E a 
•H   01 

00 
c 

0 
01 

y e 
id 4J 
a'   cd 

SS   0) u 
H 

CO 

IC 

CO CO 

oo    oi    oo 

o    -3-    <r 

(M 

1». CT\ CN CO r» CTi 
■« in CO ■* o d 
PI CM CO CM m m 

cn    CM    in 

CM 

<; < 
«i ■< Q a o « < r~- /-^ 

a ^^ /—s \M I« 
tu UJ O 0 ^~. o o o O < 

UH p o o m « 
0 ft ■ ■ 0(1 Oi 
p CO 00 ■H H [36 
o H iH ^^ ^-^ ! j 
aj ^w^ ^-^ — 
H H H H ^^ H H i/v t/3 cn 

CO cn —— ^— 
» a 3 5 
H H H H 
C/3 CO M CO 

0^ 

•* in o 
in in CO 
o CO rH 

cn 
^0 

Q 

o 
O 
CO 

H 
CO 

ü 
>H 5 

CO ■H 
■H U 
(.1 ■H 
HI •n 
u a 
Ci n a ! 

H i) ■•: 

■1) in <; a ifl H 
0 m o 
a a 

01 01 01 aj 
Ifl in 01 J-i '0 
10 ■o B) 1) (0 

ru aj M 1; 
■H 
■a 
p 

pq 

J 

-^IM.V».WIW *• ■■  iiüfc iiiMtwiiBiiMtew^TMiiariiiiiitg '■"•ll"        ^•'-L'HWt'JUi'W''«MfcLW:..    L.a 



___^_   !WI1P 

• 

U) •H 

D .5 
M ■H 
H tn 
y. J<I 

co    m    ^o    rn 

^JD o in m <f m 
r- r^ oo M oo csi 
00 -J VO CT\ O CM 
rH i-H r-4 H <Ni CN 

i2 CM 

CM     o>     PI     ci     00 

en    m    CT>    CM    CN 

c 
o 

•H 
•u 
so 
a o 

w 

00 

w 

M   « 
H 
p-i   |^ 
W r-> 

CM o 

s§ 
M    I 
CO 

if 
a > 

@ 
H 

CM 
I 

00 

0 s m 
•H aj 
4-> u 
C < ^? -> 
-n a 
11 ■H ^ 

a) J; S 

B C 
•H a) 
4-1 u 

JD M   -H 

T3 4-i 
H M 
aj d 

•H a) 
>-i M 

rt 
a) 

0)   u 

u 
H 

CM 

en 

o 

O     ^s 

CM 

in 

o 

en IT) IM .7. pi"l 
en n .-o O \e 
vO >9 in SO 00 

o 
CM 

o 

in    oo    oo 

-t m 1 -t ;T, tT> 

0> rn CM U) C<1 
H H H CM 

< ■< o q 
-■* a o 
i J *»*» •*\ ^> S- : Pb Pu '~. in ^ 0 0 

^ 0 0 O O -t. 
o p p r.. ir- Q 
P o O '/i ns ■*^ 

Ö a 00 r-i rH a w H H S.W/ ^_^ u 
rH ^^ •»^ 1—' H H H 

H H t/I w M 
H in tn -^- •^^ 
tfl 

9B Er 8 8 
H H H H 
M t/s v w 

CM 

oe 

CM 

CO 

00 

o 
o 
CO 

H 
t/J 

ä 
t-< 5 
0) ■^ 

•H 4J 
>-i H 
(U -a 
u ■: « 0 
s U 

-i u rs, <u »1 -t; 
e tri hH 
■) r.n u 
u 
c 

in HI DJ QJ 

a "! jl 
CO 4J 3 10 

rd en PQ ta 
■H 

P 

pa 

1———— 

_L  r.i, ' >.      'iiilrniiiiifttiin UMI'»' il«!!! • '    »I   '»E'L» "1.11 i 



-^■■■■■^■^■W^ IMIIII«iilii(iiilllnilililllllll>IHIWi MM——W—l mmmmmmtm 

.5 

iH    rH    m    ^    co 

vO      Ov      ^ 

r- O N CM H -f 
( l rj m CTi ro o 
c^ in in GO rH IJ 

J2 
LTl      m      CN 

c^ O ci >ar a> O. 
h« cs CM r^ Q .-H 
~.i rj N IN on tn 

I 
CC 

4J 

§ 
w 

vo    r^    oo 

o    d    -* 
iri 

CO 

8 

u< 
c 
w 
M 
H (*^ 
H M 
M 
u; -T 
PH v^ 

<-- 
9i IK 
PH 0 

CN 
U m a -.T 
H 1 
tn 

u 
U-l m 
H ^* 
s 5S 
32 > 
1 ) i 
H ;; 
O H 
9E > 

s-■ 
a 
K CO 
5} rH 

r~~ 
U! 
„I H 
H U 

s 
w fj 
H ^J 

m 
■i 

ä 
9 
H 

a •< 
3 

T3 c 
(1) iH 

OS 

•P w 
CO 60 
■ a 

•H ID 
4J l-l 

& 

a 
u 
M 

m 
M 

a 

a)  to 
X   01 

o 
o 

O 
ffi 

O 

o 

ITi -* r~ 
^D Ov PI 
VD LO r». 

00 

es 1—1 CM r-i ^H •* fi m m r-~ 
(SI eg es Ci es 

vü     00 
o    tr, 

< -f. 
<1 < a a 
P a < fs .—v 

a ^v -^v In tH 
UH u* 0 6 

^s 0 0 O O ^ 
In o Q O m Ö 
0 o C ai cr 
o a) 00 rH H 3 Q rH rH S^ ^^' 
a- **-s ^-^ -■-^ 

rH H H H ^-^ H H t/l t/i M 
t/i to ^^ ^^ 

H i » Ö G 
H H LH H 
to CO ca M 

m fl 1       O CO <r f«. 
o r^. tM vo H 00 
•9 ro <r en r« ro 

o 
!S 

a 

P o 
00 

L0 

a 
rH 0 
nl •H 

•H i.i 
u •H 
'11 'S 
4J n 
CO o 
w U 

CQ     O     03     « 

QJ 
r/l 
tlj 

■H 
-a 

'V 
0) 
tt) 

CQ 

■ 



        '■ 

PdW 'ssajjs 
o 
S CVJ 

X 

T 

» 

< 
I 

cu 
M3 

U 
> 
i- 

-S. H, o 

en 
c: 
L. 

-•- • 
LO 

s 

o 

8 

i 

i 

CSJ 

o o o 
sO ^d- CvJ 
Cvi OsJ CVJ OJ 

o o 
■"3- 

C3 
CNJ 

V. 

"ra 
cu ^ I 
0) 

O I— 
lA 

i 

CD 

i 

o 
c 
O) 

E 
-^- 

TO 
cu 

■o 
c 
CXJ 

en c 
«/) 
to 
<X) o o 

o 
a> 
o 
C 
cu 

< 
> 

O) 
oo 
1—I 

V ^H 
I       — 
I c: 

c o 
c 

\s)\ 'ssajjs 

)    • 

,<*•' JBW WiWO1««;: ■ -^^^- •'.w.wjg1. mim* gRikJ-"^"^ 



■ ■■-:- ^■m»imtmwmm*m 

U 

luaojad 'uoupßuoiB 

(^1 

oo 
MD 

> 
1. 
13 

u 

f?S 

o 
CSJ 

OJ 

E 

CD 

CD 

O un 
trv 

< O 

r—1 o 

(D ■+-' 
LTk 

-o 
CD 

O 

o 
o 
in 

E 

o 
o 
r—1 U- , . 

o 
CD 

o •~ JZ 
m cu 

v_ -o 
i 3 c: 

ra 03 

i_ CD 

8 c 
CSJ 

1 E 
CD 

^— 

IS) 
iS) 
OJ o 

O o m L_ 
CSJ o. 

M— 

o OJ cu Q o <: 
i II 

C-J) H—    1 1 
UP, 
ro 

he
 i

n 
18
 (

V
 

§ r- 
"^ 

.6
-2

 
co

ne
 

O .H1 c 
U_   i—i 

}ua3J3d 'pajv m uoipnpay 

Oi 

**—.■., ■- n i   tuiintfMiliii •~r>Jil.i.lJi.Ji      .M), 



Dwg. 6377A68 

.010 in. 
div 

1000 lb 
div 
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Fig.6-3-Test record trace for a Udimet 718 specimen illustrating 
dynamic loading to a specific displacement 
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Fig. 6-5 -Fatigue crack growth rate properties of Inconel 706 (VIM-EFR) 
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Fig. 6-6-Fatigue crack growth rate properties of Inconel 706 (VIM-VAR) 
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7.  MICROSTRUCTURAL ANALYSIS 

The purpose of this phase of the work, is two-fold:  (a) examine 

the microstructures of tested specimens to determine the cause and mode 

of failure, (b) correlate the microetructural features with mechanical 

test data to establish failure mechanisms and effects of processing 

variables.  With this knowledge at hand, one is able to identify critical 

areas in processing, material use, and performance realization.  In this 

report, we conclude the discussion on base metal and weldments of alloys 

718 and 706 which were discussed in the previous report.  We then present 

results on the effect of cold reduction-aging schemes on structure and 

properties in alloy 718.  Results are presented in terms of light microscopy, 

scanning electron microscopy with energy dispersive x-ray data, and x-ray 

powder diffraction of carbide-extraction residues. 

7.1 Carbide Extraction, Alloys 718 and 706 

The "carbide extraction" method is designed to collect all 

phases present in the alloy that are not related structurally to the 

matrix. The matrix and the coherent phases such as the coherent phase y' 

and y" are dissolved electrolytically following the procedure below: 

a. A piece of material 1 cm x 1 cm x 3 mm thick is prepared 

and electropolished to remove all surface contamination. 

b. The piece is carefully weighed. 

c. The metal is electropolished for eight hours at a current 
2 

density of 60 mA/cm with an electrolyte mixture of 

0.9 gal methanol 

0.1 gal HC1 (cone) 

67 g tartaric acid 
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d. The acid liquid is filtered thrcgh 0.25 um "millipore" 

filter which has been previously weighed. 

e. The weight of the solid residue is recorded and the weight 

loss of the original .-netal is also recorded. 

i7.  The solid residues are analyzed by powder x-ray diffraction 

to determine phases. 

Examples of x-ray diffraction data are shown in Fig. 7-1.  The "weld" 

specimens were machined entirely frcrn the weld fusion zane.  This figure 

shows the simple pattern of f.c.c. MC-carbides, Figs, 7-la and c, and 

the very complex pattern where a multitude of phases are analyzed, such 

as MC carbides, 6 and Laves phases (Figs. 7-le and f). 

All the findings are summarized in Table 7-1.  These data 

shall now be discussed. 

Alloys 718 and 706 belong to class II nickel-iron ML containing 
2 

superalloys.  These Materials derive their primary strengtheninp, from a 

combination of y' (f.c.c. (Ni_Al, 11)) and y" (BCT Ni NM orec.lpitation 
2 3 

within the grain.  Other common phases ir this class o- i^ioys '  are 

(hep,  Ni Ti) , 6 (orthorombic Ni Nb), and MC carbides (Ti; Nb; C).  The 

MC carbides precipitate immediately after casting and usually re ^ain 

unchanged.  Thermomechanical treatment may result in rediscT'^-'  M and 

fragmentation of the carbid2s.  The n and &  phases appear, u,   ^y, after 

prolonged exposure to elevated temperature and resi   rom transformations, 

respectively, of y' and y"-  The solvus temperature tor  the 6 phase are 

slightly above 1800OF (982 0c) for alloy 718 and about 1650OF (907 0C) 

for alloy 706. 

The first two lines in Table 7-1 reveal a significant difference 

between alloys U-718 and 1-718*, in that the volume fraction of MC carbides 

U-71^: Udimet alloy 718, special metals 

1-718:  Inconel alloy 7.18, Huntington alloys 
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in  1-718 is quite higher in comparison to U-718. The higher content 

of non-soluble residues is maintained in alloy 1-718 after the usual 

solution (982 C) and double-age treatment.  Note, however, that lowering 

the solutioning temperature to 1800 F (982 C) maintains the 6 phase in 

U-718 but results in Laves and silicide phase in alloy 1-718. 

There is n'- difference in phase content between the two 

processing variations of alloy 706.  In fact, for all practical purposes, 

70-6-VIM-VAR and 706-VIM-EFR appear microstructurally as two identical 

materials where the only phase present in the residue after the STDA 

treatment is the MC carbides.  This is also confirmed by the comparable 

mechanical test data. 

The data for the weld fusion zone show a marked increase in 

the content of non-soluble residue.  All phases are detected in the 

fusion zones of both 1-718 and 1-706 weldments . It has to be mentioned 

here that 1-718 filler wire was used to produce the weldments in alloy 

706 as well. The data reflect, therefore, the characteristics of a 718 

weld metal rather than that of alloy 706.  The effect of the increase in 

volume fraction of all phases is reflected in the mechanical test data. 

All transverse weldment test specimens broke in the fusion zone displaying 

slightly lower strengths, significantly lower ductilities, and severe 

reduction in fracture toughness. 

The x-ray diffraction data in lable 7-1 are confirmed by energy 

dispersive x-ray analysis of the residues, shown in Figs. 7-2 and 7-3. 

The data in these figures reveal information about the elemental content 

of the residues.  Fig. 7-2a shovs only three elements in the residue of 

U-718 after the normal STDA treatment; Nb and Ti are tied in the MC 

carbides, while the high Ni content is related to the 6 (Ni Nb) phase. 

1-718, solutloned at the high temperatures (Fig. 7-2b) shows Nb and Ti 

only, in agreement with the identification of MC carbides only (Table 7-1). 
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The data in Fig. 7-3 confirms the multitude of phases in 1-718. 

Note the low Ti content after the STDA treatment.  This indicates that the 

MC carbides are very rich in Nb.  Also note the SI con tout, as compared 

to U-718 (Fig. 7-2). 

The differences in phase content between alloys I~718 and 1-706 

are in agreement with their chemistry. / loy 1-718 contains twice as 

much Nb as alloy 1-706.  This will ace     or higher content of MC carbides. 

The more significant information revealed by the data in 

Table 7-1 are the differences between the two heats of alloy 718, i.e., 

U-718 compared to 1-718.  It should be noted here that the differences 

in volume fraction and nature of the residual phases are reflected in the 

mechanical test data.  Alloy U-718 exhibited twice the fracture toughness 

and ductility at all temperatures when compared to alloy 1-718.  On the 

other hand, yield strengths at all temperatures were the same for both alloys. 

This indicates that the intrinsic strength of the f   loys, which is 

derived from precipitations of y' and y" is not al.ected by carbides 

and other phases.  Ductility and fracture toughness, on the other hand, 

are strongly affected by carbides and particularly by the Laver phases, 

which tend to precipitate in the grain boundaries.  It is significant, 

therefore, that we try to establish the possible source for the higher 

content of Laves phases in alloy 1-718. 

Chemistry of the alloys is given in Tables 5-8 to 5-10 of 

Reference 1.  The only apparent significant difference in chemistry between 

alloys U-718 and 1-718 is in the Si content; less than 0.1% Si in U-718 

and 0.3% Si in 1-718.  The suicide phase of the type Ni Co Si is the 

major source for Si precipitations; Fe and Cr can substitute for Co in 

this phase.  It is, thus, conceivable that the small, but finite, 

difference in Si content is the source of the formation of silicide phase 

in alloy 1-718. 

It is of interest to note that the effect of Si on the formation 

of extraneous phases was previously observed by Kossowsky et. al. in 

Fe-30Ni-10Cr, y' strengthened alloys.  Lowering the Si content from 
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0.9% to 0.1% decreased the volume fraction of Si containing phases from 0.7 

to less than 0.2 weight pet. 
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7.2 Recrystallized 1-718 (specimens code 67XX, 68XX, 69XX) 

These tests were designed originally to define the effect of 

grain size on structural variations and mechanical strength of 1-718 

(see Section 5).  Briefly, three groups of specimens were exemined: 

(a) specimens from group 67XX were, initially solution annealed at 

1950Of (1066OC), cold rolled, then given the standard 1800OF (9820C) 

solution anneal and double age (STDA); (b) specimens from group 68XX were 

given the same sequence of thermal-mechanical treatment with the solution 

temperature after cold work increased to 1950 F (1066 C), followed by 

double-aging treatment; (c) group 69XX was given solution anneal at 

1950OF (1066OC), cold rolled and then directly doubled aged. 

Grain size of the various groups of specimens were: 

67XX - non-uniform distribution, average 15 ym 

68XX - generally uniform distribution, average 95 ym 

69XX - elongated, non-uniform distribution, ranging in 

width 20-50 ym, length 100-300 ym. 

Examples of the typical grain morphologies are shown in Fig. 7-4.  The 

structure of specimen 6700 and 6800 exhibit recrystallized morphologies, 

while the structure of specimen 6900 is that of a heavily worked material. 

Micrographs of failed tensile test specimens are shown in 

Figs. 7-5 through 7-17.  First, we examine light micrographs of longitudinal 

sections through the fractured ends. Figs. 7-5 through 7-9. All three 

sets of light micrographs (Figs. 7-5, 7-7, 7-8) reflect a similar mode 

of failure, i.e., a mixture of intergranular cracking and cross-granular 

shear.  Large cracks are associated with agglomerations of particles as 

seen clearly in Fig. 7-7.  These cracks were examined in more detail by 

scanning electron microscopy and shown in Figs. 7-6 and 7-9. Both 

micrographs show Nb rich and Tl rich MC carbides around the holes.  Since 

all specimens were cold worked prior to testing, we suggest that the carbide 

')      t 
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agglomerations were broken and cracked during processing. The voids are 

already observed in cross-sections, away from the deformed gauge section 

areas (Fig. 7-4).  During tensile testing, the voids continue to open 

under stress. We propose, however, that these voids did not contribute 

significantly to weakening of the structure.  The tensile test data 

(Fig. 6- ) indicate very similar yield strengths for the cold worked 

specimens 67XX and 68XX and the standard base metal specimens 69XX. 

Figs. 7-10 through 7-17 illustrate the modes of failure of the 

three groups of specimens in SEM micrographs of fractured surfaces. A 

close examination of all the micrographs supports the conclusions drawn 

from the light micrograph, i.e., that there are no significant differences 

in the modes of failure of all three groups of specimens at all three 

test temperatures.  The x-ray analysis in Fig. 7-11, for example, 

corroborates the identification of carbides on the fractured surface 

and the general alloy composition of the cross-granular shear facets. 

The two types of carbides identified around the large voids (Fig. 7-9) 

are present around some voids which are found on the fracture surface. 

This is illustrated in Fig. 7-12. 

The high magnification details of the dimpled part of the 

fracture surface indicate that small particles are located at the 

bottom of each dimple, see Figs. 7-13 and 7-14. 

The mixed mode of failure is illustrated clearly in the large 

grain size specimens in Figs. 7-15 and 7-16.  The conbination of inter- 

granular cracking, cross-granular shear and the limited ductility (shallow 

dimples) can be observed in Fig. 7-15. 

7.2.1 Summary 

Examination of the tensile test data (Figs. 6-1 and 6-2) 

and the various micrographs illustrated above indicate that there is 

virtually no grain size dependence of strength for the range of grain 

sizes obtained between specimens 67XX and 68XX.  Recyrstallization has 
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taken place upon solution annealing after the cold work step. This is 

evident in specimens of group 67X7 which were solution annealed after cold 

work at 1800OF (9820C).  Solution annealing at 1950OF (1066OC) after 

cold work results is a significant grain growth. Although there is an 

order of magnitude increase in grain size from specimen 67XX to 68XX, 

the yield strength data do not indicate any particular trend.  There is, 

however, a small increase in ductility at room temperature for the large 

grain size specimens. 

The increase in yield strength in specimens of group 69XX (not 

solution annealed after cold work) illustrate the effect of residual 

cold work.  This also indicates that the secondary solution treatment 

at either 1800OF (9820C) or 1950OF (1066oC) is sufficient to relieve 

all deformation imparted to the specimens during the cold reduction step. 

1-718 fails by a combination of cross-granular shear and 

intergranular cracking.  The ductility is further limited by particles 

within the grains as illustrated by the shallow dimpled structure.  The 

large agglomeration of carbides within the grain is lower in alloy 706 

and,hence, the occurrence of large agglomeration. Fig. 7-18d, was not 

as prevalent as in alloy 718. 

The crystallographic orientation of fatigue striations are 

clearly demonstrated in Figs. 7-20 and 7-21.  Branching and secondary 

cracking of grain boundaries are depicted in Figs. 7-21c and 7-21d. 

7 .3 N-33 Deformed Weldment 

Fig. 7-22 rhows polished sections of a weldment deformed at 

room temperature in bending (see Section 5 of this report).  Although 

the information in this micrograph is limited, it supports the magnetic 

data which showed a small, by finite amount, of ferromagnetism.  Since 

alloy N-33 is austenitic in the undeformed state, it was postulated 

(Section 5.1.2 ) that localized martensitic transformations may have 

been induced by deformation.  Slip hands and accicular  martensitic 

plates can be recognized on the polished and heavily etched surface. Fig. 7-22. 
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Fig. 7-3-Non-soluble residue, EDAX analysis 
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Fig. 7-4- Cross sections showing typical grain morphology 
1-718 (a) group 67XX (b) group 68XX (c) group 69XX 
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(a) (b) 

Fig. 7-5-1-718, tensile test specimens 671X (a) longitudinal section, 200X 
tested at 77° K (b) tested at 4.20K. Most of cavities are fracture carbides, see 
Fig. 6 
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»8 
Flg. 7-6-1-718, SEM micrograph (a) of longitudinal section, tensile test specimen 
6711, 1000X.   Holes seen in Fig. 5 are fractured carbides (b-d) energy dispersive 
x-rays (b) spot 1 'c) spot 1 (di spot 3 
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(a) (b) 

Fig, 7-7- 1-718, longitudinal sections, tensile test specimens 681X (a! tested at 
R.T. 50X (b) tested at 4.2°K, 200X.   Slip lines seen clearly in ^b) 

s i • RM-67086 
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XMA 
[dt (b) 

Fig. 7-8-1-718, longitudinal cross sections, specimen 691X (a) tested at R.T. 100X 
(b) tested at 4.2° K, 200X. Note severe deformation due to pretest cold reductions. 
Fractured carbides around cavities are shown in Fig. 7-9 
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(a) 

(b) 

(c) 

Fig. 7-9-1-718, SEM micrographs of cavities 
seen in Figs. 7-7 and 7-8 (a) specimen 6811, 600X 
(b) specimen 6913, 1200X (c) energy dispersive 
x-rays of spot 1 Nb rich Mc carbides 
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(a) (b) 

(c) (d) 

Fig. 7-10- 1-718 SEM micrographs, fracture surface, tensile specimen 6711 tested 
at R. T. (a) 50X (b) 1000X mixed mode of shear and dimpled tensile failure (c) 2000X 
note secondary cracks in carbides (arrows) (d) 2000X shear facets 
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(a) 

(b) 

(c) 

Fig. 7-11-1-718, SEM micrographs, fracture 
surface specimen 6712 tested at 770K (a) typical 
dimpled structure with carbides (b) shear facet 
2000X (c) x-ray of spot A (dots) and spot B 
(lines). Nb rich Mc carbide in A 
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(a) 

(b) 
Fig. 7-12-1-718. SEIVl micrograph, 2600X, fracture surface 
specimen 6712 tested at 770K.  Two types of carbides - A Nb 
rich (Nb. Ti) C (dots. FDAX), B (Nb. 30Ti) C (lines, EDAX) 

if 
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(c) ((,) 

Fig. 7-13-1-718, SEfy/1 micrographs, fracture surface, tensile test specimen 6812 
tested at 7y0K 'a) 50X (b) 500X (c) 1000X note dimples and shear facets (d) 2000X 
la rge carbide agglomerates and carbides at the bottom of dimples 
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(c) 

Fig 7-14- 1-718, SEM micrograph (a) of fracture 
surface, specimen 6813 tested at 4.20K, 1500X 
(b) EDAX shear facet, spot 1 (c) EDAX carbides in 
dimples, spot 2 
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(a) (b) 

(c) (d) 

Fig. 7-15 -1-718, SEM micrographs of fracture surface, specimen 6813, tested at 4.20K 
(a) 200X mixture of dimpled fracture, intergranular and shear fractures (b) dimple 
detail 500X(c) intergranular detail 1000(d) shear facets, detail 1400X 
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,3) (b) 

(c) (d) 

Fig. 7-16-1-718, SEM micrographs, fracture surface, tensile specimen 6911, 
tested at R. T. (a) 200X (b) dimples and lanes phase sheared particles detail, 
500X (c) intergranular and shear facet fracture detail 1000X (d) carbide 
agglomerations 2000 X 
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(c) (d) 

Fig. 7-17-1-718, SEM micrographs, fracture surface, specimen 6913, tested 
at4.20K 'a) 50X (b) shear, dimple detail 500X(c,d) carbides and lanes phases 
details 2000X 
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(a) (b) 

(c) (tn 

Fig. 7-18- A-286, SEM micrographs, fracture surface tensile specimen tested at 
770K 'a) 50X 'b) 500X intergranular fracture preceded by deformation within 
the grain 'c) detail, 2000X 'd) fracture around carbide agglomerations, 2000X 

I 
■'WW •~~ — 

RM-67097 



fm 

I 

• «In 

■ 

i 

> 

i 

(c) 

Fig. 7-19-A-286, SEM micrographs.   Fracture 
surface, tensile specimen tested at 4.20K (a) 50X 
mixed mode of intergranular fracture and cross- 
granular shear (b) detail 500X (c) detail 2000X 
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(a) (b) 

(c) (d) 

Fie. 7-20-A-286, Fatigue-crack growth specimen, tested at R.T. SEM micrographs 
(a') 100X (b) 500X (c) detail, 2000X (d) 1000X. Fatigue striations along crystallo- 
graphic direction 
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(a) 

(c) 

(b) 

(d) 

Fig. 7-21~A-286, Fatigue-crack growth specimen, tested at 77° K (a) 100X (b) 500 X 
intergranular failure, fatigue striations, tensile fractured) and carbides at 
boundaries (c) 1000X (d) detail 25000X 
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(b) 

(c) (d) 

Fig. 7-22-N-33, SEM micrographs of polished and etched weldment, deformed at R.T. 
in bending.  Evidence of martensitic transformation S: slip lines, M: martensite 
(accicular) E: etch pits, a-b: 6800, c-d: 13600 

RM-67101 
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8.0    MAGNETIC MEASUREMENTS 

The magnetic measurements  conducted in  this portion of  the 

Westinghouse  FY76 program are  reported herein.     A discussion of the  type 

and extent of these has  already been given in  the previous Westinghouse 

(2) report  75~9D4-CRYMT-R2v  '   (hereafter referred to  as  R2).     Attention is  here 

confined  to giving the  results  on  the  two alloys A-286 and 21-6-9. 

Additionally some  results on  310SS  and  Inconel  718 are  compared with the 

wo rk of Efferson and Leonard (E and L) 

Table  8.1 sets  out  the magnetic  condition and strengths of 

the A-286  and  21-6-9.     A listing of  the various   ferromagnetic designation 

is  given in  R2. 

Table.  8.2  compares  the magnetic composition of the  alloys with 

their magnetic state  at  4.? K.     Excepting  the 21-6-9  SMAW and GTAW 

materials  the  transition  from ferromagnetism to  antiferromagnetism is 

determined by  the Mn content.     Based on  the  results  contained in  R2  the 

21-6-9  is  expected  to be antiferromagnetic with  a 9.5% Mn  content and 

A-286  to be  ferromagnetic with only  1.7% Mn.     The  above  transition  from 

ferromagnetism to antiferromagnetism would be  expected to occur with a 

composition having ^5% Mn.     In  contrast,   Cr is  seen not to have so notice- 

able  an effect  on  the magnetic state.     The weldments  21-6-9  SMAW and GTAW 

are presumably acquiring their ferromagnetic  condition  from the  filler 

metal.     The  absence of any measureable  temperature variation  in  the 
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ferroraagnetisra up  to  78 K suggests  these weldments  are  likely  to be 

still  ferromagnetic at  room temperature.     In  contrast  to  this  the  drop 

in magnetic moment  of  the A-286 at  78 K lo around  300 G is  likely  to 

give  a paramagnetic state  up at  room temperature.     The magnetic effects 

of strain on A-286 are not  large.     The strained sample was  taken  from 

the  immediate vicinity  of a fracture zone of a tensile specimen.     Strain 

produces  a small but  measureable  decrease in  the magnetic moment. 

Efferson  and Leonard have  reported magnetic measurements 

on  a number of materials  including Inconel  718 and  310SS.     For interest 

and  comparison we    show in  Figures   1  and 2  a comparison  of their data 

and Westinghot ;e data at  4.2 K on  the magnetization versus  magnetizing 

field.     We inferred  from the  report  of E and L  that  their material was 

solution annealed  (SA)  base metal.     The Westinghouse  data on  718  (CW/DA) 

compares well with  the E and L data and is  close  to  the Westinghouse 

718   (STDA)   data.     In   the  case  of  310SS  the heat  treatments   STFC  and  STQ 

cause  an increase of magnetic moment  over  the SA heat  treatment of E and 

L.     In summary  the Westinghouse and E and L data are  comparable  and 

where  differences exist  they probably  result  from the  different heat 

treatments  given to  the materials. 

Electrical  resistivity measurements were not performed on any 

material  in  this  report.     Past  experience has  shown  that  electrical 

resistivity of these stainless  steels  and superalloys  is  insensitive 

to heat  treatment;,  and shows  little variation with  temperature.     To 

within 20%they show a  typical resistivity of 100 uQcm. 
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Table 8.1.  Magnetic Properties of Materials 

» 

► 

Magnetic 
Saturati( jn Induction(G) 

Material Condition Condition 4.2 K 20 K 78 K 

A286 Strained Weakly 
Ferromagnetic 

985 890 318 

A286 Unstrained Weakly 
Ferromagnetic 

1005 919 345 

Inconel 718 CW/DA Weakly 
Ferromagnetic 

990 890 360 

21-6-9 As Received Antiferromagnetic — — — 

21-6-9 HR/STWQ Antiferromagnetic — — — 

21-6-9 SMAW Weakly 
Ferromagnetic 

1240 1240 970 

21-6-9 GTAW Feebly 
Ferromagnetic 

470 470 470 

I        -        !■ I MIWLM >' 



■ I1 

Table 8.2.  Comparison of Magnetic Properties 
with Composition 

Material 

Nominal  Composit 
(wt%) 

ion 

Magnetic Conditi~Li 
at  4.2  K 

Induction at 
4.2  K(G) Ma Cr        Ni Fe 

A286 

21-6-9 

1.7 

9.5 

14.9    25.8 

19.7      7.2 

53 

63.2 

Weakly  Ferromagnetic 

Antiferromagnetic 

1000 
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ABSTRACT 

The rise of crynge.-ilr and/or superconducting devices as modern 

and efficient energy sources has inspired development of the 1. w tempera- 

ture mechaiiical and fracture mechanics properties of three structurally 

stable ausuenitic stainless steels. These stainless steels included 

solution treated and quenched (annealed) plus cold worked Kromarc 58, 

solution treated and quenched (annealed) plus sensitized AISI 310 S and 

solution treated, quenched and aged A286.  Because of their excellent 

cryogenic '■'racture toughness properties, both heat treatments of AISI 

310 S and solution treated and quenched Kromarc 58 are especially attractive 

in structural Applications where large criti^il flaw sizes are preferred. 

Due to superior fitigue ctack growth rate properties, A286 is particularlv 

appealing In low temperature s ructural applications requiring high cyclic 

lifetimes.  Coid worked Kromarc 58 is best utilized in cryogenic structural 

appli lotions where vield strengths ir excess of 200 ksi (1379 MPa) a^e 

desired. 
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INTRODUCTION 

The advent and necessity of increasingly more cryogenic and/or 

superconducting devices     in our energy conscious economy has created 

a strong demand by designers for the material properties necessary to 

insure immunity from structural failure of these systems. Thus far the 

most popular candidate materials for structural applications below 

(1-3) 
-320°F (77 K) are austenitic stainless steels and superalloys,     many 

of which were basically developed for high temperature applications. 

Recently, a few ferritic based materials were produced which demonstrated 

good cryogenic fracture toughness properties.      These ferritic based 

materials are not commercially available, however, and should be regarded 

as experimental in nature.  Obviously, the vast majority of materials 

suitable for cryogenic structural applications are still inadequately 

characterized for full confidence in potentially high risk low temperature 

application areas where fail safe performance is required. 

As a result, both mechanical and fracture mechanics material 

properties of three austenitic stainless steels presently employed in 

cryogenic structural applications were determined.  These stainless 

' Y« steels included solution treated and quenched (annealed) plus cold 

^ ,j worked Kromarc 58, solution treated and quenched (annr^lec ; pi :.. 

solution treated and furnace cooled (sensitized) AISI 310 ~ »nd solution 

treated, quenched and aged A286. Tensile, nocncd ttns-f'j . ej.csti^ 

plastic fracture toughness and fatigue crack grnv'.i ri.e ViStn  were 

I 
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performed at temperatures down to -4520F (4 K). A busic, parametric 

linear elastic fracture mechanics analysis was also included to assist 

in grading, selecting and utilizing these materials for future advanced 

cryogenic structural applications. 
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MATERIALS 

The aubtenitic stainless steels explored included Kromarc 58, 

AISI 310 S and A286.  Chemical compositions, heat treatments and 

processing schedules relative to these materials are presented in 

Table 1.  Starting form for both the Kromarc 58 and AISI 310 S were 

plates with respective thicknesses of 1.0 in. (2.54 cm) and 0.625 in. 

(1.6 cm) while the A286 was received as a 5.5 in. (14 cm) square forging. 

Kromarc 58, a wrought version of the cast Kromarc 55 stainless steel 

formally utilized in large cryogenic bubble chambers,    was examined 

in both the solution treated and quenched (STQ) plus cold worked (CW) 

conditions.  Kroir ire 58, a fully austenitic stainless steel, is normallv 

not hardenable by thermal treatment and as such proved an excellent 

material with which to evaluate the Influence of cold work on strength 

and fracture properties at cryogenic temperatures.  Initial one-inch 

thick plates of Kromarc 58 were cold rolled to a thirtv percent reduction 

in thickness. Reductions were made in approximately 0.02 in. (0.05 cm) 

increments with no intermediate anneals employed.  No evidence of cracking 

was detected during or subsequent to the cold rolling operations. 

Kromarc 58 is a registered trademark of the Westinghouse Electric 
Corporation. 

While not normally considered hardenable by heat treatment, Hull    has 
reported a substantial hardness increase (^ 70 points DPH) obtained in cold 
worked material followed by aging for 4 hrs at 600° to 1000oF (589 to 811 K) 
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A common question regarding cold working is whether an 

anisotropic texture exists in the as cold-rolled plate sufficient to 

cause an appreciable degradation of mechanical or fracture properties 

under specific orientations of load application. To determine 

specifically the nature and extent of any such texturing, a series of 

automatic x-ray pole figures were conducted essentially according to 

the ASTM Standard Method for Preparing Quantitative Pole Figures of 

Metals (E 81-63).  Details of the pole figure analysis are available 

through Ref. 12.  It is sufficient to state that a fairly complex 

deformation texture does develop in a nitrogen strengthened austenitic 

stainless steel parallel to the rolling direction aftar approximately 

thirtv percent cold work.  Furthermore, the character of this deformation 

did alter through the thickness of the Kromarc 58 plate.  Effects of 

texturing were studied by conducting mechanical, fracture and fatigue 

crack growth rate tests on specimens loaded either normal or parallel 

to the p. ate rolling direction (orientations T-L and L-T per ASTM E399-74, 

respectively)• 

AISI 310 S, a low carbon (0.08 C max.) version of AISI 310 

stainless steel (0.25 C max.) has been structurally utilized in a 5 MVA 

Westinghouse superconducting generator.    AISI 310 S was studied in both 

the STQ and solution treated and furnace cooled (PTFC, sensitized) 

conditions.  Since sensitizing (slow cooling) has a similar influence on 

base material properties as welding, the sensitizing heat treatment 

provided an estimate of the expected degradation in fracture mechanics 

properties in the heat affected zones of weldments. 

rw^r 
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A2a6 stainless is a precipitation hardenable austenitic alloy 

often referred to as ASTM A453 and sometimes designated AISI 660. This 

alloy can be strengthened via heat treatment and was analyzed in the 

solution treated, quenched and aged (STQA) condition. A2E6 has also 

been structurally utilized in cryogenic environments. 

m 
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EXPERIMENTAL PROCEDURES 

Fracture Toughness 

The well documented linear elastic (KT ) fracture criterion 
ic 

with its inherent plane strain specimen size limitation cannot produce 

valid fracture toughness results (per the ASTM Test for Plane Strain 

Fracture Toughness of Metallic Materials, E399-74) on tough austenitic 

stainless steels unless specimens of very large thickness are employed, 

which in turn are not representative of the cross-sectional thicknesses 

found in actual cryogenic structures.  Furthermore, if a failure should 

occur, proper design of cryogenic structures or components would cause 

these structures or components to fail plastically (elastic plastic 

fracture) as opposed to catastrophically (linear elastic fracture). 

Therefore, the fracture toughness of Kromarc 58, AISI 310 S and A286 

was obtained via the elastic plastic (J ) fracture criterion  ' 

(15) 
and associated resistance curve test technique. 

A thorough description of the resistance curve test cechnique 

is given in Ref. 15.  Briefly, the testing procedure is to:  (a) load 

a deeply notched fatigue precracked compact specimen of ASTM E399-74 

design to a predetermined J level in the region where crack extension 

_.. anticipated; (b) unload and heat tint the specimen to mark the 

crack; (c) pull the specimen apart and measure crack extension (Aa) 

from the exposed fracture surface. J is calculated from the load- 

displacement record and specimen dimensions using the approximation of 

(16) 
Rice, et al. The result, of a test series is plotted as J versus Aa. 

6 

■■L,■■■-.;.■....■■.-.v-.: | i-■.■■•■■■■*  
—, ,— 

ii^lW^^!*^^ ".' ■.,''•■.., 



• ■*"        "^ 

I 

) 

/ 

> 

•■■■ 

t 

In the majority of J tests, some measurable deformation at the 

crack tip precedes material separation. Apparent crack extension 

therefore includes a contribution due to deformation in addition to 

actual material separation. 

To account for apparent crack extension due to deformation, 

the straight line given by uhe equation J = 2afAa was plotted on each 

J versus Aa graph, where af is a flow stress midway between the material's 

yield and ultimate stresses. The intersection of the J versus Aa curve 

and the straight line of slope 2af. represents the initial point of material 

separation and as such is the critical value of J (JIc)•  Corresponding 

K  values were calculated from the relationship between elastic plastic 
Ic 

u . (13,17) 
and lineax elastic fracture mechanics parameters. 

All fracture toughness tests were conducted on 0.5 in. (1.27 cm) 

thick compact tension (CT) specimens, except for the 1.0 in. (2.54 cm) 

thick A286 specimens tested at room temperature. The tests were 

performed on a servo-hydraulic test machine using stroke control at a ram 

rate of 0.005 in./sec. (0.127 m/sec). All fracture toughness specimens 

were precracked at room temperature in accordance with ASTM E399 require- 

ments on maximum fatigue stress intensity. Displacement was measured with 

a hermetically sealed linear variable differential transformer (LVDT) 

attached to the specimen front face and immersed along with the specimen 

in the cryogen. 

Crack Growth Rate 

All fatigue crack growth rate tests were conducted on half 

inch (1.27 cm) thick wedge open loading (WOL) geometry compact tension 

specimens which were precracked at room temperature in accordance with 
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ASTM E399 requirements on maximum fatigue stress intensity. These tests 

were performed on a universal hydraulic fatigue machine under sinsoidal 

tension loading. The maximum alternating load (AP) was maintained constant 

throughout each individual test. Test frequency equalled 10 Hertz. Since 

crack growth rates can be influenced by abrupt temperature changes, the 

crack growth rate was allowed to stabilize before data were accepted 

as valid. 

Instantaneous crack length was determined by first measuring 

specimen crack opening displacement with an LVDT attached to the specimen 

front face and finally transforming this crack opening displacement value 

via specimen compliance into crack length.  Specimen compliance was 

determined from a test procedure originally developed by Novak and Rolfe 

Growth rates were established by means of a computerized curve-fitting 

(19) 
analysis of the crack length versus number of elasped cycles data. 

Compact tension (CT) and WOL specimen orientations according 

to the Crack Plane Orientation Identification Code per ASTM Test Method 

E399-74 are included in Table 3. 

(18) 
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RESULTS 

Tensile 

Smooth-bar uniaxial tensile tests were conducted to determine 

the 0.2 percent offset yield strength, ultimate strength, reduction in 

area and elongation of Kromarc 58, AISI 310 S and A286 stainless steels. 

Tensile specimen geometry was 0.20 in. (0.51 cm) diameter with a 1.00 in. 

(2.54 cm) gauge length. All tensile as well as notched tensile specimens 

were oriented so their loading directions matched those of the corresponding 

CT and WOL specimens.  For the most part, each tensile data point is the 

average of two tensile tests. 

The tensile properties of STO and cold worked Kromarc 58 are 

presented in Fig. 1.  Cold working Kromarc 58 produced a substantial 

increase in yield and ultimate strengths, especially at room temperature, 

combined with a moderate drop in area reduction and a substantial decrease 

in elongation. Yield and ultimate strengths of Kromarc 58 were essentially 

independent of specimen orientation although cold worked Kromarc 58 

specimens loaded parallel to the rolling direction realized moderately 

superior area reductions and slightly greater elongations at all test 

temperatures. 

Figure 2 illustrates the tensile properties of STQ and 

sensitized AISI 310 S.  Compared with Kromarc 58 and A286 the 310 S 

demonstrated the largest temperature dependence of both yield and 

ultimate strength.  Sensitizing 310 S produced an insignificant strength 
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decrease, although, except for room temperature elongation, the ductility 

of sensitized 310 S is inferior to that of STQ 310 S.  The ductility 

displayed by 310 S is substantial even at cryogenic temperatures, however, 

and is comparable with that of Kromarc 58. 

The -4520F (4 K) values of yield strength, ultimate strength 

and elongation developed at Westinghouse on AISI 310 S compare quite 

closely with those published by Nachtigall 
(20) 

In addition, our 

strength values are slightly greater than those reported by Tobler, et al, 

(21) 
at all three test temperatures. 

The tensile properties of STQA A286 are illustrated in Fig. 3. 

Unlike Kromarc 58 and 310 S, the yield and ultimate strengths of A286 

increased only moderately with decreasing temperature. A common 

criticism of many austenitic materials concerns their strength retention 

with increasing temperatures.  Clearly, the moderate temperature 

dependence of both the yieJd and ultimate strengths demonstrated by A286 

gives this material a decided advantage when compared with either STQ 

Kromarc 58 or STQ and sensitized 310 S. Whereas the strength superiority 

of A286 is modest at best at liquid helium temperature, its strength 

advantage increases significantly as cemperature increases toward ambient. 

The ductility of A286 is relatively constant with temperature and, 

(22) 
although comparable with that reported for Inconel X750    and 

(23) 
Inconel 706,    is well below that demonstrated by Kromarc 58 and 310 S. 

A major area of concern in dealing with austenitic stainless 

steels for structural applications at cryogenic temperatures (especially 

the 300 series) is their ability to remain stable relative to martensitic 

transformation when repeatedly cooled to cryogenic temperatures, 

10 
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plastically strained or subjected to sensitizing heat treatments. For 

example, Guntner and Reed reported that the martensitic transformation 

in austenitic stainless steels can produce a wide range of mechanical 

properties, depending on the test variables and the initial alloy 

condition.     Fortunately, several studies which examined the structural 

and magnet. Ic stability of austenitic stainless steels have been 

completed.^"    It is interesting to note that Larbalestier and King 

investigated the structural and magnetic properties of fifteen austenitic 

stainless steels and found that only the high alloy 310 and Kromarc 55 

steels remained fully austenitic after deformation to rupture at -4520F 

(4 K).^27^ To conclude, no austenite to martensite structural transformations 

were observed by the authors on the Kromarc 58, AISI 310 S or A286 stainless 

steels included in the present work. 

Notched Tensile 

Notched tensile tests serve to screen the notch toughness of 

materials in terms of a comparison parameter defined as the ratio of 

notched tensile fracture strength to the unnotched tensile yield strength 

of a particular material for a specific notch-acuity.  Increasing values 

of the ratio above 1.0 are considered to indicate increasing ability of 

the material for plastic deformation at the notch tip.  Stated alterna- 

tively, increasing values of the ratio above 1.0 can be utilized as a 

measure of the material's resistance to catastrophic brittle fracture. 

In all cases the root radius at the bottom of a particular 

test specimen's sharp V-notch was adjusted to yield a stress concentration 

factor (K ) equivalent to 10.  It should be pointed out that the notched 

tensile fracture strength was calculated by dividing the maximum load 

11 
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£'.;:perienced by a test specime..., or in a few cases where the load dropped 

slightly before failure dividing the fracture load, by its original as 

opposed to final cross sectional area. This was largely due to the great 

difficulty in accurately measuring the extremely small change in test 

section diameter (hence cross-sectional area) experienced by the test 

specimen. 

The notched tensile properties of Kromarc 58 and AISI 310 S 

stainless steels are summarized on Table 2. No notched tensile tests 

were performed on A286.  For the two materials investigated regardless 

of heat treatment, processing or test temperature, the ratio of notched 

tensile fracture strength to tensile yield strength was always greater 

than one, the minimum value equaling 1.6. 

Fracture Toughness 

The fracture toughness values of Kromarc 58, AISI 310 S and 

A286 stainless steels are summarized in Table 3 while the associated 

resistance curves are illustrated in Figs. 4 through 6, respectively. 
KT      KT 2 
Ic      Ic 

For comparison purposes, the ratios   and (-—)  are also included in 
ays     ys KIc 

Table 3. Typically the material with the highest -— ratio is the 

(28)    yS 
toughest material for a given application.     The plane strain crack 

K  2 
size factor  (——)  provides a measure of toughr -■ss that accounts in a 

ys 
single parameter for the interactions of K  and strength on crack size 

tolerance.   '     Stated alternatively, when conducting a parametric 

The crack size factor is not related to critical crack size at a stress 
equal to the yield strength but only under small-scale yielding» that is, 
at applied stresses appreciably below the yield strength, v29»3"^) 
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fracture mechanics analysis (that is, the applied stress is considered 

a fixed percentage of the particular material's yield strength), the 

critical defect size for failure in one cycle of loading will be 

(28) 
proportional to the crack size factor. 

While cryogenic structural applications certainly exist where 

a yield strength in excess of 200 ksi (1379 MPa) is desirable and cold 

worked Kromarc 58 is an ideal choice, to obtain the 35 percent strength 

increase which resulted from cold working the Kromarc 58 necessiated an 

even larger sacrifice (42 percent decrease) in fracture toughness. Also, 

cold worked Kromarc 58 was the only stainless steel to yield a crack 

size factor less than one.  Fortunately, at this level of cold work 

(30 percent) the Kromarc 58 does not contain an especially weak fracture 

plane.  The -4520F (4 K) fracture toughness for the T-L and L~T 

orientations varies by only 8.7 ksi/in.  (9.6 MPav'm).  The corresponding 

difference in yield strength equals just 2.4 ksi (16.5 MPa). 

Of the three stainless steels investigated, STQ AISI 310 S 

produced the greatest fracture toughness and largest crack size factor 

in combination with its moderate yield strength. The -4520F (4 K) fracture 

toughness value for STQ 310 S is slightly higher than that reported by 

Tobler, et al/21^ on commercial annealed 310 S at -320oF (77 K) . 

Sensitizing the 310 S produced a significant decrease (31 percent) in 

liquid helium temperature fracture toughness although the corresponding 

strength levels remained unchanged.  Even so, the crack size factor 

for sensitized 310 S is still greater than those which represent Kromarc 

58 and A286. 
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Recall, . !>. sensitizing heat treatment was employed to provide 

an estimate of the expected degradation in fracture mechanics properties 

in the heat affected zones of weldments. It is interesting to note 

that tests at -4520F (4 K) on non post weld heat treated AISI 310 S 

shielded metal arc welds(12,31) produced a weld fusion zone fracture 

toughness of 106,5 ksi/in7 (117.9 MPa/in), which was 35 percent below that 

of sensitized 310 S. 

Both the A286 stainless steel liquid helium temperature fracture 

toughness and crack size factor, although quite attractive from a fracture 

mechanics structural reliability standpoint, surpass only those relative 

to cold worked Kromarc 58. Also, the fracture toughness of A286 is 11 

percent less at room temperature than at liquid helium temperature. This 

trend toward slightly decreasing fracture toughness with increasing 

temperature was further exemplified by additional J tests at 400oF (477 K) 

(32) 
and 800oF (700 K) /J ; 

Reed, et al.    obtained fracture toughness values ranging 

from 107 ksi/inT (118 MPav'm) to 114 ksi/in7 (126 MPav^) over the 

temperature range -4520F (4 K) to 750F (297 K) on an A286 stainless steel 

of almost identical chemical composition and heat treatment.  Although 

Reed's fracture toughness and yield strength values were significantly 

below the Westinghouse values regardless of temperature. Reed's specimens 

were machined in the T-S orientation while our specimens were oriented 

in the L-T direction. Although this variation in material properties 

may be attributed to material structural differences, most likely the 

two distinct specimen orientations accounted for the large variation in 

mechanical and fracture toughness properties. 
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Despite this large variation in material properties, both steels 

demonstrated a moderate insensitivity of fracture toughness to temperature 

over the temperature range -4520F (4 K) to 750F (297 K). This behavior 

is typical of structurally stable austenitic materials whereby the 

C12 21-23 33) 
fracture toughness essentially remains constant with temperature.  '    ' 

Crack Growth Rate 

The fatigue crack growth rate (FCGR) data generated on Kromarc 58, 

AISI 310 S and A286 stainless steels are presented in Figs. 7 through 9, 

da 
respectively.  The raw log -TTT versus log AK data relative to each of these 

materials demonstrated the nearly linear relationship typical of most FCGR 

data.  Since this linear relationship existed, the crack growth rate data 

was stated in terms of the generalized fatigue crack growth rate law 

developed by Paris 
(34) 

This crack growth rate law is expressed as: 

dN   o (1) 

da 
where -JJT is the rate of crack growth, C is an intercept constant deter- dN 

da 
mined from the log -rrr versus log AK plot, n is the slope of the log-log 

plot and AK is the stress intensity factor range. 

The cryogenic fatigue crack growth rate properties of Kromarc 58 

are independent of whether the Kromarc 58 was solution treated and quenched 

or cold worked.  This is quite unlike its yield strength and fracture 

toughness properties, which respectively increaser' 35 percent and decreased 

42 percent at -4520F (4 K) when cold worked. At room temperature, however, 

the growth rate of fatigue cracks is faster in STQ as opposed to cold 

worked Kromarc 58. Also, for both conditions of Kromarc 58 there is no 

measurable difference in growth rates between -320°F (77 K) and -4520F (4 K) 
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Furthermore, the room temperature and cryogenic FCGR properties 

of cold worked Kromarc 58 are independent of specimen orientation. 

Therefore, Kromarc 58 can be cold worked without creating specially 

oriented planes with exceptionally low resistance to catastrophic fracture 

or fatigue crack propagation. 

Finally, the growth rate of fatigue cracks in Kromarc 58 at 

room temperature is significantly greater than at cryogenic temperatures 

regardless of test specimen orientation or whether the Kromarc 58 was 

solution treated and quenched or cold worked.  This behavior is further 

substantiated by the data of Fig. 9, which reveals that the growth rate 

of fatigue cracks in A286 is directly proportional to temperature; 

that is, the higher the temperature the greater the fatigue crack 

propagation rate. James has reported a direct extension of this behavior 

over the temperature range 750F (297 K) to 1000oF (811 K) on a similar 

(35) 
A286 stainless steel. Furthermore, higher growth rates at ambient 

as opposed to cryogenic temperatures were previously observed by 

Westinghouse on Inconel X750(12' 22) and on AISI 310 S,(21) A286(21' 33)and 

(21) 
Inconel X750    by the National Bureau of Standards Cryogenic Division. 

Therefore, a general trend previously reported applicable to structurally 

stable austenitic materials has been varified whereby the growth rate of 

fatigue cracks at room tamperature is substantially greater than at 

cryogenic temperatures. 

Tobler has reported fatigue crack growth rates on a 21-6-9 

stainless steel faster at -A520F (4 K) than at -320oF (77 K) or room 

(Of.) 
temperature.     In addition,the fracture toughness of this stainless 

steel decreased tremendously with decreasing temperature over the 
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temperature range 750F (297 K) to -4520F (4 K)■     During plastic 

deformation at room temperature this alloy experienced little martensitic 

phase transformation, but at -320oF (.77 K) and -4520F (4 K) it transformed 

extensively to hep and bec martensitic products and is therefore not a 

(37) 
structurally stable austenitic stainless steel. 

The FCGR properties of AISI 310 S are, like its strength 

properties, independent of heat treatment (see Fig. 8). Also, there is 

no measurable difference in growth rates between -320oF (77 K) and 

-4520F (4 K) for this material. 

The cryogenic FCGR properties developed through this investigation 

on 310 S compared closely with those published by Tobler, et al. on a 

commercial annealed 310 S.  ' '   Although this work contains no room 

temperature FCGR data on 310 S, Tobler reported room temperature growth 

rates on 310 S significantly faster than those at cryogenic temperatures 

A comparison of the room and liquid helium temperature FCGR 

properties of Kromarc 58, AISI 310 S and A286 is presented in Fig. 10. 

At -4520F (4 K), the most favorable FCGR properties are associated with 

A286, followed in order of increasing growth rates by Kromarc 58 and 310 S. 

At room temperature, the FCGR properties of cold worked Kromarc 58 and 

STQA A286 are essentially identical while the fastest growth rate is 

demonstrated by STQ Kromarc 58. 

(21) 

t 
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DISCUSSION - EXAMPLE PROBLEM 

To more appropriately grade, select and utilize these 

austenitic stainless steels for structural service in cryogenic 

environments a basic linear elastic fracture mechanics analysis vjas 

conducted employing the -4520li, (4 K) mechanical and fracture mechanics 

data developed through this investigation.  Each material vjas proposed 

for a structural application where the applied nominal and cyclic 

stresses were assumed equivalent to 75 percent of the particular 

material's yield strength (a/a  = 0.75). 
ys 

The defect geometry considered was a 10 to 1 length to depth 

ratio elliptical surface crack oriented with the major crack plane 

perpendicular to a uniform tension stress field.  The pertinent stress 

(39) 
intensity expression for this configuration is 

1.21 a ii a' 
(2) 

where    K = nominal stress intensity factor 

a = surface crack depth 

a = applied nominal stress 

0 = flaw shape parameter (from Fig. 11). 

The flaw shape parameter (Q) permits evaluation of defect severity by 

accounting for surface or internal defects with various length to depth 

ratios.  The flaw shape parameter Q is obtained from Fig. 11, which also 

illustrates prototype surface and internal defects and the necessary 
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dimensions required for obtaining length to depth ratios. For the case 

of a 10 to 1 length to depth ratio elliptical surface defect where a/o, f 

equals 0.75, Q equals 0.98. 

The initial step in conducting a fracture mechanics analysis 

is to calculate the critical flaw sizes necessary to cause failure of our 

hypothetical stainless steel structures in one cycle of loading when 

subjected to a liquid helium environment at applied stress levels 

equivalent to 75 percent of the appropriate material's yield strength. 

If the terms in Eq. 2 are rearranged and ^ and "a" are respectively 

set equal to K  and a , the following critical flaw size expression is 

obtained 

lcr  1.21 TT a2 
(3) 

Substituting the appropriate values of applied stress (see Table 4), K. c 

(see Table 3) and Q (0.98) into the above expression vields the critical 

flaw sizes presented in Table 4. 

By combining these critical flaw sizes with the -4520F (4 K) 

fatigue crack growth rate properties of Kromarc 58, AISI 310 S and A286 

it is possible to compute the number of elapsed cycles (start up-shut down 

cycles) for an existing subcritical flaw to grow to failure. Wilson has 

developed a generalized cyclic life expression which readily determines 

the number of cycles required for an existing defect to grow to the 

(28) 
critical  flaw size. This  expression is presented below 
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N = [- 
(n-2)CMn/2.an a/n-2)/2  a v    ' o        i cr 

T^2)72]   for n ^ 2 

(4) 

1 

N =  ^-s In — for n = 2 
C MAo    ai 
o 

where    N = number of cycles to failure 

n = slope of the log (da/dN) vs log AK curve 

C = intercept constant from log (da/dN) vs log AK curve 

a, = initial flaw size 

a  = critical flaw size 
cr 

Aa = alternating stress range 

M = flaw shape and geometry parameter [for surface defects, 

M = (1.21 TT/Q)]. 

The above expression is applicable to those loading situations where the 

relationship between applied load, flaw size and stress intensity factor 

1/2 
has the form of K = a(Ma)   . In addition, it is assumed that the 

cyclic stress range (Ao) remains constant throughout the component life 

and that the mean stress does not influence the results. 

Solving this expression for N at the various cyclic stress 

ranges of interest and for a. values ranging from the minimum detectable 

flaw size to the appropriate critical flaw size develops cyclic life curves 

which relate the maximum initial allowable flaw size to the number of 

cycles required to cause failure at different stress levels. 
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The resulting cyclic life curves for hypothetical structures 

manufactured from Kromarc 58, AISI 310 S and A286 stainless steels are 

presented in Fig. 12. These cyclic life curves represent the most 

convenient form of presenting fatigue life information because either: 

(a) the total life can readily be determined from a knowledge of the defect 

size known or assumed to be present at the start of life or; (b) the 

initial allowable flaw sizes can be ascertained based on a desired cyclic 

structural lifetime.  For example, initial allowable flaw sizes based on 

structural lifetimes of 1000 and 100 cycles of alternating applied stress 

are included in Table 4. 

If cyclic lifetimes greater than 650 cycles of alternating 

applied stress are desired for our hypothetical stainless steel structures, 

the superior -452°F (4 K) FCGR properties of A286 make this material the 

logical choice from a fracture mechanics structural reliability standpoint. 

For cyclic lifetimes less than 150 cycles, however, the superior 

cryogenic fracture toughness properties of both heat treatments of AISI 

310 S plus STQ Kromarc 58 make these materials more desirable than A286. 

Obviously, cold worked Kromarc 58 is best utilized when a yield strength 

level in excess of 200 ksi (1370 MPa) is required. Naturally, any 

techniques employed to inspect our hypothetical stainless steel structures 

must be capable of locating and defining some defect smaller than the 

specified initial allowable flaw size, the exact size of which depends on 

the safety factors desired. Therefore, it is up to the designer to input 

whatever safety factors (margins of error) he desires for a specific 

application. 
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CONCLUSIONS 

1. Solution treated and quenched (annealed) plus cold worked Kromarc 58, 

solution treated and quenched (annealed) plus sensitized AISI 310 S 

and solution treated, quenched and aged A286 stainless steels all 

demonstrated good low temperature mechanical, fracture toughness and 

fatigue crack growth rate properties and as a result are well suited 

to cryogenic structural applications requiring service at cryogenic 

temperatures. 

2. Both heat treatments of AISI 310 S and STQ Kromarc 58 are especially 

attractive in structural applications where large critical flaw 

sizes as opposed to high cyclic lifetimes are preferred because of 

their excellent cryogenic fracture toughness pioperties. 

3. Due to superior fatigue crack growth rate properties, A286 is particularly 

appealing in low temperature structural applications requiring high 

cyclic lifetimes. 

4. Cold worked Kromarc 58 is best utilized in low temperature structural 

applications where yield strengths in excess of 200 ksi (1379 MPa) 

are desired. 

5. Cryogenic and ambient fatigue crack growth rate tests on Kromarc 58 

and A286 further verified a general trend previously reported applicable 

to structurally stable austenitic materials whereby the growth rate of 

fatigue cracks at room temperature is substantially gre^ar than at 

cryogenic temperatures. 
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Kromarc 58 can be cold worked (30 percent) without creating specially 

oriented planes with exceptionally low resistance to catastrophic 

fracture or fatigue crack propagation. 

Sensitizing AISI 310 S produced a 31 percent decrease in cryogenic 

fracture toughness although the low temperature strength and fatigue 

crack growth rate properties were unchanged. 
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