
ACCESSION FOR 
NTIS GRAAI 

DTK TAB 

UNANNOUNCED 

JUSTIFICATION 

BY 

PHOTOGRAPH THIS SHEET 

"Tteraophyslcal Properties of Selected Aerospace 
Materials.    Part II:    Thenophyslcal Properties 
of Seven Materials" 

DOCUMENT IDENTIFICATION 

mi. 
itJ'M |  DKIUBirnON marman J    1 

|    9m*** iw pabMe letoos^ 
I          BMributiM OaUmted         ! 

DISTRIBUTION STATEMENT 

D 

DisnuBurioN / 
AVAILABIUTY CODES 
DlCT 

fl 

AVAIL AND/OR SPECIAL 

Z-\ 
DATE ACCESSIONED 

Z) 
DISTRIBUTION STAMP 

83     05  18   019 

DATE RECEIVED IN DTIC 

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-DDA-2 

DTIC ZTi* 70A 
DOCUMENT PROCESSING SHEET 



,. 

__,.__ 

• .,.rr_• 

.,. 
. • 

-. 

, . 
I 

' 

rf'J!Ef! f 1::11f'.t:SICA 1 ~'(D 1J:I,J::{!'l'Jl.ONl(. R )'DERT&F.S :!Jj'Q 
en~ A.f3.- Pt.ttdu Unlvareit'IJ 

.. . 

• 

DlSTRIBliTION STATEMENT A 

ApptO'I'ed for public teleOMj 

Di.Jtributioa Unlimited 

.... --

.. 

. • t 

". :Ll' .. rs cr N' E ,· 
ft r 

. . .. . 

' • 



. 

Unclassified 
SECURITY CLASSIFICATION Of THIS PAGE (When Dmlm Entered) 

REPORT DOCUMENTATION PAGE 
1.   REPORT NUMBER 2. GOVT ACCESSION NO 

4.   TITLE (mdSubtllU) 

"Thermophyslcal Properties of Selected Aerospace 
Materials. Part II: Thermophyslcal Properties 
of Seven Materials" 

7. AUTHORC«) 

Toulouklan, Y. S. and Ho, C. Y. 

9.   PERFORMING ORGANIZATION NAME AND ADDRESS 

CINDAS/Purdue University 
2595 Yeager Road 
West Lafayette, IN 47906 

II.   CONTROLLING OFFICE NAME AND ADDRESS 

Defense Logistics Agency 
DTIC-AI/Cameron Station 
Alexandria, VA 22314 
U.   MONITORING AGENCY NAME A ADDRESSflf dlfferant Iron Controlling Otllce) 

Army Materials & Mechanics Research Center 
Attn: DRXMR-P/Arsenal Street 
Watertown, MA 02172 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

3.   RECIPIENT'S CATALOG NUMBER 

5.   TYPE OF REPORT ft PERIOD COVERED 

Data Book (See block 18) 

6. PERFORMING ORG. REPORT NUMBER 

8. CONTRACT OR GRANT NUMBERf») 

DSA 900-77-C-37758 

10.   PROGRAM ELEMENT, PROJECT, TASK 
AREA ft WORK UNIT NUMBERS 

12.   REPORT DATE 

1977 
13.   NUMBER OF PAGES 

242 
IS.   SECURITY CLASS, (of Ihla report) 

Unclassified 

15«.    DECLASSIFICATION'COWNGRADING 
SCHEDULE 

16.    DISTRIBUTION STATEMENT (oi thlt Report) 

Unlimited 

17.    DISTRIBUTION STATEMENT Col the ebstrect entered In Block 20, U dltlarent Irom Report) 

18.   SUPPLEMENTARY NOTES 

TEPIAC Publication (DTIC Source Code 413571) Limited hard copies on Data Book 
available from TEPIAC (see block 9 above). Discounted price: $15.00 
Microfiche copies available from DTIC 

19.   KEY WORDS fCondnu« on reverse tide II neceteaty and Identity by block number) 

♦Thermal Conductivity—^Specific Heat—*Heat of Fusion—*Thermal Linear 
Expansion—*Thermal dlffuslvlty—aluminum alloy 2024—AISI 304 stainless 
steel—Pyroceram—Silicon nitride—Ecron fiber epoxy composite—Glass 
fiber epoxy composite—Graphite fiber epoxy composite—Thermophyslcal 
properties      

20.   ABSTRACT (Continue on reveree tide II neceeeary and Identity by block number) 

This work presents the most comprehensively compiled experimental data 
and Information on five thermophyslcal properties of seven selected 
aerospace materials and the recommended values resulting from critical 
evaluation, analysis, and synthesis of the available data and information. 

(continued on reverse side) 

DD,^ FORM 
AN 73 1473 EDITION OF 1 NOV 88 IS OBSOLETE 

Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE (Whan Dmta Entered) 



Unclassified 
SECURITY CLASSIFICATION OF THIS PAOCfOTl«! DM» Bntmnd) 

20. ABSTRACT (Cont) 

The five thermophyolcal properties are thermal conductivity, specific 
heat, heat of fusion, thermal linear expansion, and thermal dlffuslvlty. 
The seven selected materials are aluminum alloy 2024, AISI 304 stainless 
steel, Pyroceram (Coming 9606), silicon nitride, boron fiber epoxy 
composite, glass fiber epoxy composite, and graphite fiber epoxy composite. 

The experimental data and the recommended values for each property of 
each material are presented In both tabular and graphical forms, together 
with a discussion text and a specification table. The former reviews the 
available data and information, discusses the considerations Involved 
In the data analysis and synthesis and in arriving at the final assessment 
and recoTnmendation and specified the uncertainty of the recommended 
values, and the latter gives the Information on the specimen characterization 
and measurement method and condition for each set of experimental data. 

In order to assist the reader to properly Interpret and fully 
utilize the data and information presented In this work, the general 
background information on the behavior of each of the five thermophyslcal 
properties and on the procedures used for the data evaluation and the 
generation of recommended values is provided. A concise description of 
each of the seven selected materials is also given. 

Unclassified 
SECURITY CLASSIFICATION OF THIS PAOEfirh«o Dtm Bnfrtd) 



THERMOPHYSICAL    PROPERTIES    OF 
SELECTED    AEROSPACE     MATERIALS 

PART II:   THERMOPHYSICAL PROPERTIES OF SEVEN MATERIALS 

Y. S. TOULOUKIAN and C. Y. HO, Editors 

THERMOPHYSICAL AND ELECTRONIC PROPERTIES INFORMATION ANALYSIS CENTER 
CINDAS - Purdue University 

~d 



Notice: This volume may be procured from: 

TEPIAC/CINDAS 
Purdue University 
2595 Yeager Road 
West Lafayette, Indiana   47906 

Copyright © 1977 by the Purdue Research Foundation, West Lafayette, Indiana   47907 

All rights reserved.   This work or any part thereof may not 
be reproduced in any form without written permission of the 
Center for Information and Numerical Data Analysis and 
Synthesis (CINDAS), Purdue University. 



iii 

PREFACE 

This volume was prepared by the Thermophyslcal and Electronic Properties 

Information Analysis Center (TEPIAC), a DOD Information Analysis Center operated 
by the Center for Information and Numerical Data Analysis and Synthesis (CINDAS), 
Purdue University, West Lafayette, Indiana, under Contract No. DSA900-76-C-0860 
with the Defense Supply Agency (DSA), Alexandria, Virginia, with Mr. J. L. Blue (Hq. 

DSA) as the IAC Program Manager and Mr. Samuel Valencia (Army Materials and 

Mechanics Research Center) as the Contracting Officer's Technical Representative. 

The overall program is aimed at providing data and information on all the 

important thermophyslcal properties of selected aerospace materials.   The effort in 

the last year was concentrated on to« thermal radiative properties (hemispherical, nor- 
mal, and angular spectral emittance, reflectance, absorptance, and transmittance) of 

twenty-seven selected aerospace materials, resulting in the publication entitled "Ther- 

mophyslcal Properties of Selected Aerospace Materials.   Part I:  Thermal Radiative 
Properties," copies of which are available from TEPIAC/CINDAS.   The effoit in the 
current year has been concentrated on five other thermophyslcal properties of ceven 

materials, resulting in this volume which constitutes Part 11 of this series of publications. 

This special project has been carried out by a team of TEPIAC staff, with the 

following individuals in responsible charge: 

Dr. P. D. Desai — Specific Heat, Heat of Fusion, and Thermal Linear Expansion 

Dr. K. Y. Wu     ~ Thermal Conductivity and Thermal Diffusivlty 

It is hoped that this reference work will prove useful to a large technical community 
as it provides a wealth of knowledge heretofore unknown or inaccessible to many.   In 

particular, it is felt that the critical evaluation, analysis and reference data recommenda- 
tion, whenever possible, constitute perhaps the most unique aspect of this work. 

In putting a volume of this magnitude together it is nearly impossible to avoid 
some errors and omissions.   It is hoped that we were able to keep these to a minimum. 

The editors and contributors would be most grateful if those who use this work bring 

to their attention any additional known data or any possible errors that might have been 
inadvertently committed. 

Y. S. TOULOUKIAN 
Director of CINDAS 
Distinguished Atkins Professor of 

October 1976 Engineering 
West Lafayette, IN   47906 Purdue University 
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SUMMARY 

This work presents the most comprehensively compiled experimental data and 

information on five thermophysical properties of seven selected aerospace materials and 

the recommended values resulting from critical evaluation, analysis, and synthesis of 

the available data and information. 

The five thermophysical properties are thermal conductivity, specific heat, heat 

of fusion, thermal linear expansion, and thermal dlffusivity.   The seven selected materials 

are aluuiinum alloy 2024, AISI 304 stainless steel, Pyroceram (Corning 9606), silicon 

nitride {SisN4), boron fiber epoxy composite, glass fiber epoxy composite, and graphite 

fiber epoxy composite. 

The e:qperimental data and the recommended values for each property of each mater- 

ial are presented in both tabular and graphical forms, together with a discussion text and 

a specification table.   The former reviews the available data and information, discusses 
the considerations involved in the data analysis and synthesis and in arriving at the final 
assessment and recommendation, and specifier the uncertainty of the recommended values, 

and the latter gives the information on the specimen characterization and measurement 

method and condition for each set of experimental data. 

In order to assist the reader to properly interpret and fully utilize the data and 
information presented in this work, the general background information on the behavior 

of each of the five thermophysical properties and on the procedures used for the data evalu- 
ation and the generation of recommended values is provided.   A concise description of 
each of the seven selected materials is also given. 
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1. INTRODUCTION 

This work presents both the available experimental data that were exhaustively 
searched and comprehensively compiled for five thermophysical properties of seven 
selected aerospace materials and the recommended values resulting from critical eval- 

uation, analysis, and synthesis of the available data and information.   The five thermo- 

physical properties are; (1) thermal conductivity, (2) specific heat, (3) heat of fusion, 
(4) thermal linear expansion, and (5) thermal diffusivity.   The seven selected materials 

are» (1) aluminum alloy 2024, (2) AISI 304 stainless steel, (3) Pyroceram (Coming 9606), 
(4) silicon nitride (SijN^, (5) boron fiber epoxy composite, (6) glass fiber epoxy compo- 

site, and (I) graphite fiber epoxy composite. 

In order to assist the reader to properly interpret and fully utilize the data and 
information presented in this work. Section 2 provides the general background information 

on the behavior of each of the thermophysical properties covered, the procedures used 

for the data evaluation   and the generation of recommended values, and on the format and 

detail of the data presentation.   The experimental data and the recommended values for 
the five properties of the seven materials are presented in Section 3 in both tabular and 

graphical forms, together with a discussion text for each property of each material, in 

which the individual pieces of available data and information are reviewed, details of 
data analysis and synthesis are given, the considexations involved in arriving at the final 

assessment and recommendation are discussed, and the uncertainty of the recommended 

values is stated.   Since the information on some of the selected materials is not generally 
known, a concise description of each of the materials is given at the beginning of each of 

the subsections in Section 3.   The complete bibliographic citations for the 156 references 
are given in Section 4. 



2.   GENERAL BACKGROWD 

The purpose of this section is to provide general background information on the 
thermophysical properties covered in this work, the procedures for the data evaluation 

and the generation of recommended values, and on the format of presentation of data. 
It is hoped that this information will assist the reader to properly interpret and fully 

utilize the data and information presented in this work and also enhances the usefulness 

of the data themselves. 

2.1.   Thermophysical Properties 

In this work five thermophysical properties are covered:  thermal conductivity, 

specific heat, heat of fusion, thermal linear expansion, and thermal diffusivity.   These 

are briefly discussed below. 

Thermal Conductivity 

In metals and alloys the principal carriers of heat are electrons and lattice vi- 
brational waves.   In a pure metal the heat conduction by electrons is predominant at all 

temperatures and the contribution to heat conduction by lattice waves is comparatively 

very small. 

In an alloy, especially at low temperatures, however, the contribution by lattice 
waves is often comparable to and sometimes even greater than that by electrons.   Con- 
sequently, in estimating or analyzing the thermal conductivity data for an alloy, the 
consideration of both electronic and lattice components of the thermal conductivity is 
necessary.   At very low temperatures the electronic thermal resistivity arises from 

the scattering of electrons by solute atoms, and at higher temperatures the scattering 
of electrons by lattice waves becomes significant. 

In nonmetallic solids the conduction of heat is mainly by lattice vlbrational waves. 

The quanta of vibrational energy are called phonons, and the thermal conductivity of non- 

metallic solids is determined both by the specific heat and the mean free path of the 

phonons.   The mean free path is limited by the various phonon scattering processes, 
which give rise to thermal resistance.   At temperatures close to absolute zero the 

phonons are scattered by the crystal boundaries, and the thermal conductivity of a non- 

metallic crystal varies as I4 (the temperature dependence of the lattice specific heat) 

and is size dependent.  As the temperature is Increased, other scattering mechanisms 
become effective:  scattering of phonons by static imperfections (impurities, isotopes. 



and all kinds of lattice defects) and scattering ov phons by other phonon«. (Umklapp 
processes).   The last mentioned process increases rapidly with temperature, until the 

mean free path decreases more rapidly with temperature than the specific heat increases. 

At this pomt, still at very low temperature, the thermal conductivity passes through a 
maximum and then decreases, in some perfect crystals exponentially.   Around the Debye 
temperature and above, the phonon-phonon (Umklapp) scattering is predominant and the 

thermal conductivity should vary as T"1.   In some cases the crystals are at least partially 

transparent to infrared radiation, and there is an additional radiative component of thermal 
conductivity, which increases rapidly with temperature at high temperatures.   In ether 

cases such as in mixed crystals and in disordered crystals, th«; thermal conductivity 

varies slower than T*1 due to the combined resistance of Umklapp processes which varies 

as T and of phonon-defect scattering processes which at high temperatures is more or 
less independent of temperature.   In the extreme cases of highly disordered solids such 

as in amorphous or vitreous materials, the disorder determines the phonon mean free 

path which consequently becomes constant at high temperatures, and the thermal conduc- 

tivity increases with temperature, being roughly proportional to the specific heat of the 

material. 

The thermal conductivity of a composite material is affected by many factors 

such as the thermal conductivities of the components, the composition and strvjeure o( 
the composite, the manufacturing process, the heat treatment, and the direction of heat 

flow.   Thus it is a highly complicated quantity and can only be roughly estimated by 

semiempirical relations. 

Specific Heat 

In nonmetallic solids the specific heat is solely due to lattice vibrations, and the 
lattice specific heat is thus the total specific heat.   In metals and alloys, however, in 

addition to the lattice specific heat there is another component due to the contribution 

from the electrons, though the electronic component is relatively small except at loiv 
temperatures. 

The lattice specific heat of a solid at moderate and high temperatures (above the 
Debye temperature) is nearly constant, increasing only slightly with temperature.   The 

Dulong and Petit law states that the specific heat of all solid elements at room temperature 

is nearly the same and equals about 6.4 cal mol"1 K**,   This law is closer to the truth 

for heavy elements with atomic weights greater than 38.   For chemical compounds the 

Kopp-Neumann law states that the molar specific heat of a compound is equal to the sum 
of the atomic specific heats of its constituent elements.   The Kopp-Neumann law can also 

be applied approximately to alloys. 

- 'u»   .j.  —«—,-»<-T]| 



At low temperatures the lattice specific heat decreases sharply with decreasing 

temperature, tending toward zero and varying as T3 as the temperature approaches the 
absolute zero.   This fact has been explained by the theory of Debye. 

The electronic specific heat of a metal or alloy varies linearly with temperature. 
At high temperatures it is small compared with the lattice specific heat.   At low temper- 

atures, however, it becomes comparable with the lattice component, and can even exceed 

it at the lowest temperatures, at which, though, both components are rather small. 

The specific heat of a solid which exhibits any kind of transitions such as phase, 
magnetic, order-disorder, etc. is anomalous and a peak occurs in the specific heat 

versus temperature curve in the vicinity of the transition.   This is because an extra 
amount of heat must be supplied to the solid to bring about such a transition. 

Heat of Fusion 

The heat of fusion of a substance is the amc int of heat required to change a given 
mass of a substance from the solid to the liquid state without change in temperature. 
For solutions of two or mo/e components, the melting process normally occurs over 

a range of temperatures, and a distinction is made between the melting point, the point 
at which the first trace of liquid appears, and the freezing point, the highest temperature 

at which the last trace of solid disappears.   The heat of fusion of pure elements or con- 

gruently melting compounds can be measured directly or can be rigorously calculated 

from the slopes of the liquidus and solidus. 

The heat of fusion studies for the materials covered in this work are nonexistent. 
This may be either due to the melting process occuring over a wide range of temperature 

as in case of alloys or due to the tendency of the material to dissociate (S^Nj) and to 

soften (Pyroceram and Composites) at elevated temperature.   In many cases the heat 

of fusion of a material may be calculated from the heats of fusion ox the components, 

if the latter are available. 

Thermal Linear Expansion 

Most materials increase in size upon heating. The total thermal linear expansion 

from absolute zero to the melting point is about 2 to 3$ for most solids. Thermal expan- 
sion arises from the fact that the thermal vibrations of the atoms or molecules about their 

equibrium positions in the crystalline lattice are anharmonic, V.at is, the forces acting 

between pairs of atoms or molecules are not proportional to their relative displacements. 

If the thermal vibrations were perfectly harmonic, as is generally assumed in the theory 

of the specific heat, there would be no thermal expansion, by either classical or quantum 
mechanical reasoning. 



In this work the recommended values are given for both the percent thermal linear 

expansion, AL/Lo{5)» and ^e instantaneous coefficient of thermal linear expansion, a* 
These are defined as: 

,     (0  = -^-T  X 100 äL(€i =11- 

and 

a     dT\L0J      L0 dT 

where LT and L0 are lengths of the material (or lattice parameters) at temperature T 

and at 293 K, respectively. 

Grüneison found that the instantaneous coefficient of thermal expansion is approx- 

imately linearly proportional to the constant-volume specific heat.   Thus at absolute 

zero temperature, the expansion coefficient is zero, as does the specific heat.   As the 

temperature is increased from absolute zero, the expansion coefficient increases rather 

rapidly from zero and finally levels off to a nearly constant value. 

The thermal expansion of a solid which exhibits a phase transition has a discon- 
tinuity in the vicinity of the transition, at which the expansion coefficient is momentarily 

infinite. 

Thermal Diffusivity 

Thermal diffusivity is a ratio of the thermal conductivity to the specific heat per 
unit volume.   When heat flows through a material under nonsteady-state conditions, one 

may visualize the thermal diffusivity as an indication of the ratio of the amount of heat 

flowing out of a volume of the material to the amount of heat retained within the volume. 

Since the range of variation of the thermal conductivity with temperature is small 
relative to that of the specific heat, the behavior of the thermal diffusivity ip. influenced 

more markedly by the behavior of the specific heat, and the thermal diffusivity versus 
temperature curve looks somewhat like an inversed specific heat curve.   In other words, 
the thermal diffusivity of a material generally is very high at the lowest temperatures; 
as the temperature is increased the thermal diffusivity decreases rapidly and finally 
levels off at higher temperatures. 

Thermal diffusivity of a material can be measured directly and can also be cal- 
culated from the values of thermal conductivity, specific heat, and density. 



2.2.   Data Evaluation and Generation of Recommended Values 

Due to the difficulties in accurate measurement of thermophysical properties 
of solids and in adequate characterization of test specimens, the available experimen- 

tal data from the world literature are in many cases widely divergent and subject to 
large uncertainty.   It is, therefore, very important to critically evaluate and analyze 

the available data and to generate recommended values.   The procedure involves 

critical evaluation of the validity and reliability of the data and related information, 

resolution and reconciliation of disagreements in conflicting data, correlation of data 

in terms of various controlling parameters, curve fitting with theoretical or empirical 

equations, comparison of results with theoretical predictions or with results derived 

from theoretical relationships or from generalized empirical correlations, etc.   Besides 

critical evaluation and analysis of existing data, theoretical methods and semiempirical 
techniques are employed to fill data gaps and to synthesize fragmentary data so that the 

resulting recommended values are internally consistent and cover as wide a : ange of 
tenperature as possible. 

Considering the thermal conductivity, for example, in the critical evaluation 
of the validity and reliability of a particular set of thermal conductivity data, the tem- 

perature dependence of the data was examined and any unusual dependence or anomaly 
carefully investigated, the experimental technique was reviewed to see whether the 

actual boundary conditions in the measurement agreed with those assumed in the theory 

and whether all the stray heat flows and losses were prevented or minimized and ac- 

counted for, the reduction of data was examined to see whether all the necessary cor- 

rections had been appropriately applied, and the estimation of uncertainties was checked 

to ensure that all the possible sources of errors had been considered. 

Experimental data could probably be judged to be reliable only if all sources of 
systematic error had been eliminated or minimized and accounted for.   Major sources 

of systematic error include unsuitable experimental method, poor experimental technique, 

poor instrumentation and poor sensitivity of measuring devices, sensors, or circuits, 

specimen and/or thermocouple contamination, unaccounted for stray heat flows, incorrect 

form factor, and perhaps most important, the mismatch between actual experimental 

boundary conditions and those assumed in the analytical model used to derive the value 

of thermal conductivity.   These and other possible sources of errors are carefully con- 

sidered in critical evaluation of experimental data.   The uncertainty of a set of data 

depends, however, not only on the estimated error or inaccuracy of the data but also on 

the inadequacy of characterization of the material for which the data are reported. 



In many cases, however, research papers do not contain adequate information 
for a data evaluator to perform a truly critical evaluation.   In these cases, some other 
considerations might have to be used fcr data evaluation.   For instance, if several authors' 
data agree with one another and, more importantly, these were obtained by using differ- 

ent experimental methods, these data are likely to be reliable.   However, if the data 

were observed by using the same experimental method, even though they all agree, the 
reliability of the data is still subject to questioning, because they may all suffer from 

a common, but unknown source of error.   Secondly, if the same apparatus has been 

used for measurements of other materials and the results are reliable, and if the result 
of measurement on the new material is in the same range, the result for the new ma- 

terial is likely to be reliable. 

If the information given by the author is ?ntirely inadequate to make any value 

judgment, the data assessment becomes subjective.   At times judgments mlgh' be based 

upon factors and considerations such as the purpose and motivation for the measure- 

ment, general knowledge of the experimenter, his past performance, the n putation of 
his laboratory, etc. 

In the process of critical evaluation of experimental data outlined above, the 

majority of unreliable and erroneous data were eliminated.   The remaining data were 
then subjected to further analysis, correlation, and synthesis.   If a number of data 

sets are a\ailable for a well-characterized material, correlation of the data in terms 
of the affecting parameters could be made.   Applying the principle of corresponding 
states, reduced property values might be correlated with reduced temperature and other 
reduced parameters.   Furthermore, by using theoretical relationships, several properties 
of a given material could be cross-correlated to check for internal consistency of the 

data or for data estimation. 

Depending upon the level of confidence the data analyst has placed on the values 

and upon the degree of adequacy of characterization of the material for which the values 
are generated, the- reported values are designated as "recommended values*' or "provis- 

ional values".   In this work all the vaiues generated are properly designated, and the 
accuracy or uncertainty of the values is clearly stated. 

2.3.   Presentation of Data 

In each of the subsections of Section 3, the property data and information are 

presented in the following order:  (1) discussion text, (2) table of recommended values, 
(3) figure presenting recommended curve(8) and experimental data, (4) table giving 

experimental information, and (5) table of experimental data. 



In the discussion text, individual pieces of available data and information are 
reviewed, details of data analysis and synthesis are §;iven, the considerations involved 

in arriving at the final assessment and recommendation are discussed, the recommended 

values and the experimental data are compared, and the uncertainties of the recommended 

values are stated. 

The values given in the table are designated either as recommended or provisional 
values depending upon the level of confidence placed on the values and, hence, upon the 

uncertainty assigned.   The ranges of uncertainties of recommended and provisional 
values for specific heat, percent thermal linear expansion, and density are £ ± 50 and 

> ± 5^, respectively.   Those for thermal conductivity, thermal diffuslvity, and instan- 

taneous coefficient of thermal linear expansion are < ± 15^ and s ± 15^, respectively. 

In the tables the third significant figure is generally given for the property values; this, 

however, is only for internal comparison and for tabular smoothness and should not be 

considered indicative of the degree of accuracy or uncertainty.   The uncertainty of the 
values is always explicitly stated. 

In the figure presenting recommended curve( s) and experimental data, the curve 
numbers correspond to those listed in the accompanying table on measurement informa- 

tion and table of experimental, data.   When several sets of data are too close together 

to be distinguishable, some of the data sets, though listed in the tables, are omitted 

from the figure for the sake of clarity. 

The table containing measurement information gives for each set of experimental 
data the following information:  the curve number, the publication reference number, 

author's name, year of publication, experimental method used for the measurement, 

temperature range covered fay the Jata, name and specimen designation, composition, 
specification and characterization of the specimen and information on measurement 

condition, which are contained in the original paper.   In these tables the code designations 
used for the experimental methods for property measurements are listed below. 

For thermal conductivity measurements: 

C Comparative method 

E Direct electrical heating method 
L Longitudinal heat flow method 

P Periodic or transient heat flow method 

R Radial heat flow method 



For specific heat measurements: 

A Adiabatic method 
D SC Differential scanning calorimeter 

DTA Differential thermal analysis 

I Ice calorimeter 

For thermal linear expansion measurements: 

I Interferometer method 
L Dilatometer method 

X X-ray diffraction method 

V Variable-induction transformer 

In the table of experimental data, all the available data shown or not shown in 
the figure are tabulated. 
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3.   THERMOPHYSICAL PROPERTIES OF SELECTED MATERIALS 

3.1.   Aluminum Alloy 2024 

Aluminum Alloy 2024, formerly known as Aluminum Alloy 24S, is a wrought alloy 

with copper as the principal alloying element.  Its nominal composition [1] is (by weight) 
4.5^ Cu, 1. 5$ I«Ig, 0.6$ Mn, and balance Al.   It is perhaps the best known and most 

widely used aircraft alloy. 

Some physical [2] and mechanical properties [3] of this alloy are as follows: 

solidus temperature, 775 K; liquidus temperature, 911 K; specific gravity, 2. 77; tensile 

(ultimate) strength, 19.0-51.0 kg/mm2; Brinell hardness number (500 kg load, 10 mm 

ball), 47-130.   The mechanical properties vary over a wide range due to differences in 

applied heat treatments. 

This alloy requires solution ^eat-treatment to obtain optimum properties.   In the 

well heat-treated condition, the mechanical properties of this alloy are similar to, and 

sometimes exceed, those of mild steel.   A particular heat treatment is specified by a 
letter "T" after the 2024 designation, followed by one of the numerals from 1 to 10, such 

as Aluminum Alloy 2024-T4.   Briefly, these heat treatments are as follows [3]: 

Tl   - cooled from an elevated temperature shaping process and naturally aged 
to a substantially stable condition. 

T2   - annealed (cast products only). 
T3   - solution heat-treated and then cold worked. 

T4   - solution heat-treated and naturally aged to a substantially stable condition. 
T5   - cooled from an elevated temperature shaping process and then artificially 

aged. 

T6 - solution heat-treated and then artificially aged. 

T7 - solution heat-treated and then stabilized. 

T8 - solution heat-treated, cold worked, and then artificially aged. 

T9 - solution heat-treated, artificially aged, and then cold worked. 

T10 - cooled from an elevated temperature shaping process, artificially aged, 
and then cold worked. 

Each of these treatments [1] has a unique effect on the mechanical properties of 

the alloy.   The designations, however, do not define the time and temperature of the heat 

treatments, and the details of the practice may be varied as desired or convenient if the 

end result as expressed by specified mechanical properties is unchanged.   Should a varia- 

tion of a basic operation be applied to the alloy, resulting in different characteristics, 

other digits are added to the basic designation, such as Aluminum Alloy 2024-T81, 



11 

Aluminum Alloy 2024-T851, etc.   The second and third numerals in the heat treatment 
designation are arbitrary, generally having no logical significance.   In the earlier desig- 
nations the heat treatments were not catalogued as above.   An alloy might be designated 

as Aluminum Alloy 24S-T, where the T only means that the alloy was tempered to a 
stable condition. 

This alloy does not have as good corrosion resistance properties as most other 

aluminum alloys and under certain conditions may be subjected to intergrannular corro- 

sion.   Therefore, it is widely used in the clad, anodized, or alodined states.   In the 

clad [3] state the alloy is protected from corrosion by a thin surface of a pure metal or 

alloy with a higher solution potertial.   The term alclad is used when the cladding material 

is pure aluminum.   The anodizing [ 1] process involves forming a conversion coating on 

the met&l surface by anodic oxidation.   Alodining is also a process of forming a conver- 

sion coating, with the coating being some other type of material such as a phosphate or 

chromate.   These processes greatly increase the resistance of Aluminum Alloy 2024 

to corrosion. 

a.   Thermal Conductivity 

There are eighteen sets of data available, all measured below 730 K, and four 
of these reach down to low temperatures.   Most of the measurements are for specimens 

designated either as 2024-T4 or 2024-T351.   The available experimental data are tabu- 

lated in Table 1-3 and shown partially in Figure 1-1.   The information on specimen 
characterization and measurement condition for each of the data sets is given in Table 

1-2.   One data set (curve 18) for a Duraluminum specimen is also included in the com- 
pilation to assist in the data analysis at low temperatures. 

The recommended values tabulated in Table 1-1 and shown in Figure 1-1 are for 
both as-received and annealed alloy samples.   Those for as-received alloy are for an 

as-received alloy 2024-T4 with a residual electrical resistivity of 3.2 jjfl cm.   The rec- 
ommended values at cryogenic temperatures are based on the data of Powell et al. [4] 

(curve 4).   At temperatures between 120 and 600 K, the recommended values are based 
on the data of Lucks et al. [6] (curve 1).   Above 600 K, the data of Lucks et al. [6] 

(curve 2) and of Evans [7] (curves 13 and 14) decrease sharply as the temperature in- 

creases.   These authors employed the comparative technique using Armco iron or lead 

as standards in their thermal conductivity measurements.   Since Armco iron has a strong 

but negative temperature dependence at high temperatures and lead melts at 600.652 K, 

the results of these authors above 600 K are questionable.   Hence, the recommended 
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values above 600 K do not follow the experimental data, but are extended to the solldus 

point according to the general trend of the temperature dependence established for the 

thermal conductivity of Al + Cu and Al + Mg binary alloys [8].   In the molten state, the 

recommended values were calculated from the equation: 

1        *i 
k ?>H 

where x. is the atomic fraction, and k. is the thermal conductivity of the ith constituent 
element of the alloy.   The error of the calculated values should be small since x.. is 

much larger than the other x.'s. 

If the alloy is heated at an elevated temperature (above 400 K) for a long period 

of time, the thermal conductivity will increase remarkably.   The recommended values 
for the thermal conductivity of such annealed alloy having residual electrical resistivity 

of about 0.70 f£l cm are also presented.   These values depart from those for the as- 

received alloy below about 600 K and follow the data of Lucks et al. (curve 2) to 150 K. 

Above 600 K the values follow the general trend of the temperature dependence of thermal 

conductivity established for Al + Cu and Al + Mg binary alloys [8]. 

The uncertainty of the recommended values is believed to be within ± 10)K at tem- 

peratures below 200 K, ± 5$ from 200 to 600 K, ± 8^ from 600 K to the solldus point, and 

within db 10)t and -16^ in the liquid region. 
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TABLE 1-1.   RECOMMENDED THERMAL CONDUCTIVITY OF 
ALUMINUM ALLOY 2024 

[Temperature, T, K; Thermal Conductivity, k, W cm"1 K"1] 

k 
T 

As received Annealed 

4 0.0316 
7 0.0566 

10 0.0822 
15 0.126 
20 0.169 

25 0.210 
30 0.251 
40 0.326 
50 0.394 
60 0.456 

70 0.510 
80 0.560 
90 0.608 

100 0.650 
150 0.842 1.55 

200 1.01 1.63 
250 1.14 1.70 
273.15 1.19 1.73 
293 1.23 1.76 
300 1.24 1.77 

350 1.33 1.82 
400 1.41 1.86 
450 1.60 1.88 
500 1.77 1.89 
550 1.83 1.88 

600 1.85 1.86 
650 1.83 1.83 
700 1.80 1.80 
750 1.76 1.7f 
775t 1.78 1.73 

9111 0.872 0.872 
950 0.888 0.888 

1000 0.905 0.905 
1100 0.937 0.937 

t Melting Range 775-911 K. 
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b.   Specific Heat 

There are 20 sets of experimental data available for the specific heat of Aluminum 
Alloy 2024.   The information on the specimen characterization and measurement condi- 
tions for each of the d»t'. sets is given in Table 1-5.   The experimental data are tabulated 

in Table 1-6 and partially shown in Figure 1-2. 

Most of the measurements were carried out within the temperature range 75- 

700 K.   The recommended values shown in Figure 1-2 and tabulated in Table 1-4 agree 
well with most of the measurements reported in the experimental data table with the ex- 

ception of the data of Makarounis and Jenkins [17] (curve 3) which are about 10f( higher 

than the recommended values.   The data of Suzuki [18] (curve 11) show a sudden increase 
above 600 K.   Suzuki [18j  (curves 13-20) also found anomalies near 473 and 550 K for 

the specimens aged at various temperatures and times.   Specific heat values for this alloy 

calculated using the Kopp-Neumann mixiug rule agree well at temperatures below 500 K 

and about 4-10^ lower at higher temperatures.   The specific heat of pure aluminum is 

about 5-15^ lower than that of this alloy. 

The melting range for this alloy is 775-911 K.   No experimental data for the 
specific heat of this alloy in the liquid state were located in the literature.   Considering 

the agreement of the specific heat values calculated using the Kopp-Neumann mixing rule 

with the experimental data for the solid alloy, this mixing rule should weil be applied to 

the specific heat values for the molten alloy.   The specific heat values for the molten 

alloy are thus calculated.   In the calculations the specific heat values for the constituent 

elements are taken from Hultgren et al. [19].   The values for the molten pure aluminum 
are about 4£ lower than the tabulated values for the mcl'ien alloy. 

The uncertainty of the recommended values for the solid alloy is believed to be 
within ± 5^.   The values for the molten alloy are provisional and their uncertainty is 

within ± lO^t. 
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TABLE 1-4.   RECOMMENDED SPECIFIC HEAT OF 
ALUMINUM ALLOY 2024 

[Temperature, T, K; Specific Heat, C , cal g"1 K-1] 

T CP 
100 0.113 
150 0.158 
200 0.188 
250 0.200 
273.15 0.205 

293 0.208 
300 0.209 
350 0.216 
400 0.221 
450 0.226 

500 0.233 
550 0.241 
600 0.249 
650 0.258 
700 0.269 

750 
775j 
911t 

1000 
1100 

0.280 
0.286 
0.300* 
0.300* 
0.300* 

1200 0.300* 

t Melting region 775-911 K. 
* ProvlBional value. 

t: j 
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c.   Heat of Fusion 

No experimental data for the heat of fusion of Aluminum Alloy 2024 were located 

in the literature.   This alloy contains about 93 percent of Aluminum, and its specific 
heat and thermal linear expansion are very close to those of pure Aluminum.   Therefore, 

the heat of fusion of 96 ± 2 cal g"1 of pure Aluminum reported by Hultgren et al. [19] 

may be adopted as the heat of fusion of Aluminum Alloy 2024. 
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d.   Thermal Linear Expansion 

There are 18 sets of experimental data available for the thermal linear expansion 
of Aluminum Alloy 2024.   The information on the specimen characterization and measure- 
ment condition  for each of the data sets is given in Table 1-8.   The experimental data 

are tabulated in Table 1-9 and partially shown in Figure 1-3. 

Most of the measurements within the temperature range 293-650 K are for an 
alloy of type 24S, which is the previous designation for type Al-2024.   There is one or 

two data sets for each alloy of the types T-3, T-4, and T-6.   The recommended values 

shown in Figure 1-3 and tabulated in Table 1-7 agree well with all measurements.   Since 

the agreement between various investigations is fairly good, it can be concluded that 

various heat treatments do not have any significant effect on this property.   It is worth 

noting that the thermal expansion values for this alloy are very close to those for pure 

aluminum which is primarily due to the high aluminum content (94 wt. £) of this alloy. 

The uncertainty of the recommended values is within ± 5£.   The recommended values 

above 700 K were extrapolated according to the general trend of the expansion curve for 

this alloy between 500 and 700 K and that for pure aluminum. 

The values of the instantaneous coefficient of thermal linear expansion, Q, are 
obtained by differentiation of empirical equations which are used to fit the recommended 

thermal linear expansion values, with the resulting values slightly adjusted in order to 

be consistent with the general shape of the expansion curve.   The uncertainty of these 

values is within ± 10£. 

The melting range for this alloy is 775-911 K.   No experimental data for the 
thermal expansion or density of this alloy in the molten state were located in the litera- 

ture.   The values for the density given in Table 1-7 were calculated from the Kopp- 
Neumann mixing rule using the density values of constituent elements from TPRC Report 
16 [27].   These density values are provisional and are considered accurate to within 

±1%, 
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TABLE 1 -7      RECOMMENDED THERMAL LINEAR EXPANSION 
OF AT UMINUM ALLOY 2024 

[Temperature, T, K; Linear Expansion, AL/L0, %; Coefficient of Expansion, a. 10"* K"1] 

T t^/u a T AL/L0 a 
20 -0.428 8.7 \       273.15 -0.042 20.8 
25 -0.420 8.8       1 |        293 0.000 21.6 
30 -0.414 9.2       \ 300 0.014 21.9 
40 -0.407 9.8 1       350 0.127 23.7 
50 -0.400 10.4       ! |       400 0.249 25.1 

60 -0.390 10.9 450 0.378 26.4 
70 -0.378 11.4        I 500 0.515 27.5 
80 -0.367 12.0 550 0.655 28.4 
90 -0.354 12.5        ! 600 0.798 29.1 

100 -0.340 13.1 650 0.946 29.7 

150 -0.268 15.6 700 1.095 30.0 
200 -0. 184 17.9 750 1.245 30.1 
250 -0.090 20.0 

I 
775^ 1.325 30.1 

t    Solidus Temperature. 

PROVISIONAL DENSITY OF ALUMINUM ALLOY 2024 

[Temperature, T, K; Density, d, gem-3] 

T d 

out 2.446 
1000 2.428 
1100 2.408 
1200 2.388 
1300 2.368 

1400 2.348 
1500 2.328 

Liquldus Temperature. 
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e.   Thermal Dlffusivity 

Ten sets of data, all measured within the temperature range 100 to 700 K, are 

available in the literature.   The experimental data are tabulated in Table 1-12 and shown 
in Figure 1-4.   The information on specimen characterization and measurement con- 

dition for the data sets is given in Table 1-11. 

The recommended values were calculated from the equation: 

«'¥ 
where k is the thermal conductivity, C   is the specific heat, and d is the density.   The 

recommended values for k and C   given in previous sections were used for the calcula- 

tion, and the recommended thermal expansion values were used to derive density values 

as a function of temperature.   The recommended values tabulated in Table 1-10 and shown 

in Figure 1-4 are for an as-received 2024-T4 alloy having a residual electrical resis- 

tivity of 3.2 |jO cm and a room temperature density of 2.77 g cm'3 and for an annealed 
2024 alloy having residual electrical resistivity of about 0.70 fjR cm.   The recommended 
values for the as-received alloy agree with the data of Lucks et al. [20] (Curve 7) to 

within ± 12$.   The data of Butler and Inn [36, 37] (Curves 1-6) exhibit a much weaker 
temperature dependence.   This discrepancy is believed to be due to different heat treat- 

ments.   It may be noted that the thermal dlffusivity of the specimen measured by Butler 
and Inn increases after repeated heating to high temperatures.   The recommended values 

for the annealed alloy agree with the data of Lucks et al. [20] (Curve 8) to within ± 8$. 

The uncertainty of the recommended values is believed to be within ± 12% at tem- 

peratures below 200 K and ± 6% above. 
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TABLE 1-10.   RECOMMENDED THERMAL DIFFUSIVITY OF 
ALUMINUM ALLOY 2024 

[Temperature, T, K; Thermal Diffuslvity, ot, cm2 S"1] 

a 
T 

As received Annealed 

100 0.496 1.000 
150 0.441 0.813 
200 0.449 0.738 
250 0.469 0.723 
273.15 0.478 0.721 

293 0.487 0.719 
300 0.491 0.719 
350 0.517 0.722 
400 0.553 0.727 
450 0.609 0.715 

500 0.656 0.697 
550 0.665 0.677 
600 0.654 0.656 
650 0.634 0.634 
700 0.612 0.612 

750 0.583 0.583 
775 0.568 0.568 

- 
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3.2.   AISI 304 Stainless Steel 

The family of steels known as "stainless steels" covers a wide range of compo- 

sition.   About 35 to 40 different combinations of ingredients have been used by various 

manufacturers.   Primarily all stainless steels have chromium as the major alloying 

element.   The nominal composition of AISI 304 Stainless is 18.00-20.00^ Cr, 8.00- 

10.50^ Ni, 2.OO5I (max.) Mn, l.OO'J (max.) Si, 0.08^6 (max.) C, 0.045^ (max.) P, 
0.030^ (max.) S, and balance Fe.   The composition of 304L is essentially the same 
except that the carbon content is lowered to 0.03f0 (max.). 

Chromium, when added to iron in excess of 10^, makes the alloy heat and cor- 
rosion resistant.   Other elements are added to obtain special characteristics.   The most 

important of these in the case of stainless steels is nickel which increases the corrosion 

resistance and workability of the alloy.   This addition causes a structural change which 

is known as austenitic, making the alloy nonhardenable and nonmagnetic.   It is possible 
to weld AISI 304 stainless in moderate thickness without requiring subsequent heat 

treatment to restore corrosion resistance. 

Various properties and uses of this alloy are discussed in detail in [1].   Some 
of the physical properties are summarized as follows: 

Density: 7.9 g cm"3 

Melting range: 1670-1727 K 

Electrical resistivity at 
room temperature: 72 JJO cm 

Modulus of elasticity in tension: 28 x 106 psi 

Modulus of elasticity in torsion: 12.5 x 106 psi 

a.   Thermal Conductivity 

Thirty-three sets of experimental data are available, mostly measured between 

room temperature and 1200 K.   All the measurements are for specimens in solid state, 

including some for porous samples.   The experimental data are tabulated in Table 2-3 

and shown partially in Figure 2-1.   The information on specimen characterization and 

measurement condition for each of the data sets is given in Table 2-2. 

The recommended values for the thermal conductivity of AISI 304 stainless steel 

are given in Table 2-1 and shown in Figure 2-1.   The values below 100 K are for a steel 

having residual electrical resistivity of about 48.4 ^j cm.   At cryogenic temperatures 

the values are based on the data of Stutius and Dllllnger [40] (curve 28).   Above 25 K 
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the values follow the data of Powers et al. [41] (curve 5), Moeller [42] (curves 10-13), 

Deverall [43] (curve 1), Taylor et al. [44] (curve 15), Moeller and Finch [45] (curves 

10-13), and Tye et al. [46] (curve 32) to 1200 K.   Above 1200 K the recommended values 

are extrapolated. 

The solidus and liquidus temperatures of AISI 304 stainless steel are around 

1670 and 1727 K, and no thermal conductivity values are recommended in this region. 

In molten stace from 1800 to 2000 K, the recommended values are calculated from the 

equation: 

P 

where the Lorenz number L is taken as L   (=2.443 x IC8 V2 K~2) and the electrical o v ' 
resistivity p is obtained from [47] for an Fe + 10^6 Ni alloy, which in the solid state 

has the same p values as AISI 304.   The values of p and L used in the calculations are 

certainly different from the true values for the 304 stainless steel, thereby contributing 

major portion of the uncertainty to the recommended thermal conductivity values for the 

molten steel. 

The uncertainty of the recommended values is estimated to be within ± lO^t below 

25 K, ± 5$ from 25 to 1200 K, and ± lOf between 1200 and 1600 K.   The values for the 

molten steel ure provisional, with an estimated uncertainty of about ± 20%. 

£ ' 
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TABLE 2-1.   RECOMMENDED THERMAL CONDUCTIVITY OF AISI 304 
STAINLESS STEEL 

[Temperature, T, K; Thermal Conductivity, k, W cm"1 K'1] 

T k |                     T k 

4 0.00288 500 0.183 
7 0.00531 550 0.191 

10 0.00796 600 0.198 
15 0.0129 650 0.205 
20 0.0183 700 0.212 

25 0.0241 750 0.219 
30 0.0304 800 0.226 
40 0. 0438 850 0.233 
50 0.0566 900 0.240 
60 0.0675 950 0.247 

70 0.0750 1000 0.254 
80 0.0810 1100 0.267 
90 0. 0869 1200 0.280 

100 0.0919 1300 0.293 
150 0.111 1400 0.305 

200 0.126 1500 0.317 
250 0.138 1600 0.327 
273.15 0. 143 16701 0.333 
293 0. 147 17271 0.288 
300 0. 149 1800 0.294 

350 0.158                    1 1900 0.304 
400 0.166                     ! 2000 0.315 
450 0.175                    ! 

t Approximate melting range. 
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b.   Specific Heat 

There are seven sets of experimental data available for the specific heat of AISI 

304 Stainless Steel.   One data set (curve 4) which is for a Russian lKhl8N9T steel having 
similar composition is also included.   The information on the specimen characterization 

and measurement conditions for each of the data sets is given in Table 2-5.   The exper- 

imental data is tabulated in Table 2-6 and shown in Figure 2-2. 

With the exception of the first two curves, the measurements were carried out 

within the temperature range 295-1623 K.   The recommended values shown in Figure 

2-2 and tabulated in Table 2-4 are derived primarily from the investigation of Feith et 

al. [51, 59] (curve 3) and also using the specific heat data for other 300 series stainless 

steels.   The specific heat data of Lyusternik [60] (curve 4) for a Russian steel of type 

lKhl8N9T agree well (0-5^ lower) with the recommended values.   The specific heat 
values calculated using the Kopp-Neumann mixing rule also agree well except in the 

region 800-1200 K, where the phase transformation of Fe occurs.   The heat content 

data of Neel et al. [61] (curve 7) are about 25$ higher, while those of Smith (621 (curve 

6) show a wide scatter resulting in about 10-20$ higher specific heat values.   The 
specific heat data of Venuti and Seibel [63] (curve 5) are about 25^ lower than the rec- 
ommended values.   It is worth noting that the selected specific heat values for pure iron 

[19] are within ± 5^ of the specific heat values for this steel except in the phase trans- 
formation region 1100-1200 K.   The uncertainty of the recommended values is about ± 5£. 

The melting region of this steel is 1670-1727 K.   No experimental data for the 
specific heat of this or any other similar steel in the    jlten state were located in the 

literature.   Considering the agreement between the experimental data and the calculated 
values for the solid steel from the Kopp-Neumann mixing rule, the provisional values 

for the molten steel tabulated in Table 2-4 were calculated using the above procedure. 

In the calculation the specific heat values for constituent elements in the molten state 

were taken from Hultgren et al. [19].   Selected values for pure iron in the molten state 
[19] are about 2% higher than the provisional values for the steel.   The uncertainty of 

the provisional values is ± 10%. 
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TABLE 2-4.    RECOMMENDED SPECIFIC HEAT OF 
AISI 304 STAINLESS STEEL 

[Temperature, T, K; Specific He>»t   Cp, cal g"1 K-1] 

T Cp 

100 0.065 
150 0.082 
200 0.096 
250 0.106 
273.15 0.110 

293 0.113 
300 0.114 
350 0.119 
400 0.123 
450 0.126 

500 0.129 
550 0.131 
600 0.133 
650 0.135 
700 0.136 

750 0.138 
800 0.139 
850 0.140 
900 0.142 
950 0.144 

1000 0.146 
1100 0.149 
1200 0.153 
1300 0.156 
1400 0.159 

1500 0.163 
1600 0.166 
1670t 0.169 
17271 0.194* 
1800 0.194* 

2000 0.194* 

^ Approximate melting range. 
* Provisional value. 
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c.   Heat of Fusion 

No experimental data were located in the literature. However, a value of 60 ± 

5 cal g"1 for the heat of fusion of iron reported by Hultgren, Desai, Hawkins, Gleiser, 
Kelley, and Wagman [19] may be used as a very rough estimate. 

- 
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d.   Thermal Linear Expansion 

There are nine sets of experimental data available for thermal linear expansion 

of AISI 304 stainless steel.   The information on the specimen characterization and mea- 

su? oment condition for each data set is given in Table 2-8.   The experimental data are 

tabulated in Table 2-9 and shown partially in Figure 2-3. 

Among these, three data sets (curves 1, 5, and 8) were measured at temperatures 
below room temperature and others cover the range 293 to 1667 K.   The recommended 
values shown in Figure 2-3 and tabulated in Table 2-7 agree agree well with most of the 

measurements with the exception of the data of Conway and Flagella [65] (curve 9) which 

are about 8^ higher above 800 K.   The uncertainty of the values is about ± 5^ below 1300 K 

and ± 10)1 above. 

The melting range for this steel is 1670-1727 K.   No experimental values for the 

density of this steel in the molten state are located in the literature.   Since the melting 

point of this steel is considerably high, estimations of densities from the Kopp-Neumann 

mixing rule or any other techniques are highly uncertain and also not possible due to 

lack of experimental density data for constituent elements in that temperature range. 

The values of the instantaneous coefficient of thermal linear expansion, a, are 

obtained by differentiation of empirical equations which are used to fit the thermal linear 
expansion values, with the resulting values slightly adjusted in order to be consistent 

with the general shape of the expansion curve.   The uncertainty of these values is about 

± lOfl below 1300 K and ± 15<$ above. 
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TABLE 2-7.   RECOMMENDED THERMAL LINEAR EXPANSION 
OF AISI 304 STAINLESS STEEL 

[Temperature, T, K; Linear Expansion, AL/L0,%; Cotffictent of Expansion, a, 10"6 K"1] 

AL/L0 a 

20 -0.339 
25 -0.336 
30 -0.331 
40 -0.319 
50 -0.308 

60 -0.298 
70 -0.287 
80 -0.277 
90 -0.265 

100 -0.254 

150 -0.195 
200 -0.130 
250 -0.061 
273.15 -0.031 
293 0.000 

300 0.011 
350 0.086 
400 0.167 
450 0.251 
500 0.338 

550 0.427 
600 0.519 
650 0.612 
700 0. 709 
750 0.807 

800 0.907 
850 1.007 
900 1. 112 
950 1.217 

1000 1.323 

1100 1.536 
1200 1. 748 
1300 1.959 
1400 2.171* 
1500 2.386* 

1600 2.601* 
1670 2.753* 

9 .8 
9 .9 

10 .0 
10 .2 
10 .4 

10 .6 
10 .8 
11 .0 
11 .2 
11 .4 

12 4 
13 2 
14 1 
14 4 
14 7 

14 9 
15 6 
16 3 
16 9 
17 5 

18 0 
18. 6 
19. 0 
19. 5 
19. 9 

20. 2 
20. 4 
20. 6 
20. 8 
21. 1 

21. 3 
21. 4 
21. 4 
21. 4* 
21. 5* 

21. 6* 
21. 7* 

* Provisional value. 
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e.   Thermal Diffusivity 

Ten sets of experimental data, all measured within the temperature range 290 to 

1400 K, are available in the literature. These experimental data are tabulated in Table 
2-12 and shown in Figure 2-4. The information on specimen characterization and mea- 

surement condition for the data sets Is given in Table 2-11. 

The recommended values for AISI 304 stainless steel with residual electrical 

resistivity of approximately 48.4 ^ft cm were calculated from the formula 

k 
a=C~S 

P 

where k is the thermal conductivity, C   is the specific heat, and d is the density.   The 

recommended thermal conductivity and specific heat values given in previous sections 

were used directly for the calculations and the recommended thermal linear expansion 

values were used to derive density values as a function of temperature.   The recom- 

mended values tabulated in Table 2-10 and shown in Figure 2-4 agree to within ±8£ with 

the data of Feith et al. [52] (curves 5 and 6). 

The uncertainty of the recommended values for the solid steel is estimated to 
be within ± 10$.   The values for the molten steel are provisional with a probable uncer- 
tainty of ± 20$. 
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TABLE 2-10.   RECOMMENDED THERMAL DIFFUSIVITY OF AISI 
304 STAINLESS STEEL 

[Temperature, T, K; Thermal Diffusivlty, o, cm2 s"1] 

T a 

100 0.0417 
150 0.0400 
200 0.0389 
250 0.0386 
273.15 0.0386 

293 0.0387 
300 0.0388 
350 0.0396 
400 0.0403 
450 0.0416 

500 0.0426 
550 0.0439 
600 0.0450 
650 0.0460 
700 0.0473 

750 0.0483 
800 0.0497 
850 0.0510 
900 0.0520 
950 0.0529 

1000 0.0538 
1100 0.0558 
1200 0.0578 
1300 0.0593 
1400 0.0610 

1500 0.0623 
1600 0.0635 
1670t 0.0639 
1727t 0.0481 
1800 0.0491 

1900 0.0507 
2000 0.0526 

t Approximate melting range. 
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3.3.   Pyroceram (Corning 9606) 

Pyroceram is a generic name for a group of microcrystalline glass-ceramic 

materials, which were developed by the Corning Glass Works, Corning, New York   14830. 

Pyroceram brand glass-ceramic Code 9606 (Corning 9606) is a magnesia alu- 
minosilicate glass-ceramic (composed of silicon dioxide, aluminum oxide, magnesium 

oxide, and a small amount of titanium dioxide).   The ingredients are melted together 

at a temperature of the order of 1900 K using special techniques to insure uniform com- 

position, constant density, freedom from bubbles and striations, and uniform electrical 

properties.   Corning Pyroceram 9606 is non-porous, considerably harder than glass, 

opaque, and gray in color. 

Coming Pyroceram 9606 Is primarily used in military products and specifically 

as missile radomes since it has uniform electrical properties at elevated temperatures 

and the ability to pass R. F. signals. Other properties which make it useful for radome 

applications are good thermal shock and rain erosion characteristics. 

According to Corning Pyroceram 9606 Data Sheets [75), its physical properties 

include softening point of 1623 K, density of 2.6 g cm"3, porosity (void volume) of 0. 00^, 

water absorption of 0.00^, and being impermeable to gass.   Mechanical properties of 

Corning 9606 include strength to weight ratio (modulus of rupture to specific gravity) of 

13.5 x 103 psi at 293 K, Young's modulus of 17.4 x 106 psi at 293 K, shear modulus of 

6.9 x 106 psi at 293 K, Polsson's ratio of 0.245 at 293 K, modulus of rupture of 35 x 

10s psi at 293 K, Knoop hardness of 619 kg mm-2 with a 500 gram load, and Knoop hard- 

ness of 698 kg mm"2 with a 100 gram load.   Electrical properties include loss factor of 

0.80 at 293 K and dielectric strength of 350 V rms mil"1 at 293 K and 60 cps. 

a.   Thermal Conductivity 

Twelve sets of experimental data are available.   Three of these are single points. 

No measurement was made between 4 and 100 K.   The experimental data are tabulated in 

Table 3-3 and shown in Figure 3-1.   The information on specimen characterization and 

measurement condition for each of the data sets is given in Table 3-2. 

The recommended values tabulated in Table 3-1 and shown in Figure 3-1 are based 

on the data of Flynn [76] (curve 4) and Robinson and Flynn [77] (curves 7-9).   According 

to Flynn, annealing has no effect on the thermal conductivity of Corning Pyroceram 9606. 

The uncertainty of the recommended values is w1' '   *• 100. 
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TABLE 3-1.   RECOMMENDED THERMAL CONDUCTIVITY OF 
PYROCERAM (CORNING 9606) 

[Temperature, T, K; Thermal Conductivity, k, W cm-1 K-1) 

T k 

100 0. 0525 
110 0.0549 
120 0.0560 
130 0.0556 
150 0. 0544 

200 0.0478 
250 0.0428 
273.15 0.0413 
293 0.0402 
300 0.0398 

350 0.0379 
400 0.0364 
450 0.0353 
500 0.0343 
550 0.0335 

600 0.0328 
650 0.0322 
700 0.0317 
750 0.0312 
800 0.0308 

850 0.0304 
900 0.0300 
950 0.0298 

1000 0.0296 
1100 0.0291 

1200 0.0287 
1300 0.0284 
1400 0.0281 
1500 0.0279 
1600 0.0277 
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b.   Specific Heat 

There is only one data set available for the specific heat of Pyroceram 9606. 

The measurement was carried out at the Corning Glass Works [86] (curve 1).  The in- 
formation on the specimen characterization and measurement condition is given in Table 

3-5.   The experimental data are tabulated in Table 3-6 and shown in Figure 3-2. 

The provisional values shown in Figure 3-2 and tabulated in Table 3-4 are derived 
from the above measurement.   Above 1300 K the values are extrapolated.   The uncertainty 

of the provisional values is about ± 7^ below 1300 K and about ± 15ff, above that temperature. 
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TABLE 3-4.   PROVISIONAL SPECIFIC HEAT OF 
PYROCERAM (CORNING 9606) 

(Temperature, T, K; Specific Heat, C , cal g-1 K-1] 

T C 
P 

300 0.193 
350 0.206 
400 0.217 
450 0.226 
500 0.234 

550 0.242 
600 0.248 
650 0.254 
700 0.260 
750 0.264 

800 0.268 
850 0.273 
900 0.278 
950 0.282 

1000 0.286 

1050 0.291 
1100 0.294 
1150 0.298 
1200 0.302 
1250 0.308 

1300 0.316 
1400 0.336 
1500 0.358 
1600 0.383 
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c.   Heat of Fusion 

No experimental data for the heat of fusion of Pyroceram (Corning 9606) or any 
comparable material were located in the literature.   Corning Glass Works [86]   reported 
a value of 1623 K for the softening point of this material. 
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d.   Themoal Linear Expansion 

There is only one set of data available for thermal linear expansion of Pyroceram 
(Corning 9606).   The measurement was carried out at the Corning Glass Works [86] 

(curve 1).   The information on the specimen characterization and measurement condition 

is given in Table 3-8.   The experimental data are tabulated in Table 3-9 and shown in 

Figure 3-3.   The provisional values shown in Figure 3-3 and tabulated in Table 3-7 are 

derived from the above measurement.   It is worth noting that Corning Glass Works [86] 

(curve 1) found an anomaly of an unexplainable nature near 300 K.   Their specific heat 

and conductivity measurements on a similar material fail to show such anomaly.   The 

uncertainty of the provisional vaues is ± 10$. 

The values o! the instantaneous coefficient of thermal linear expansion, a. are 
obtained both from the a values reported by the Corning Glass Works [86] and by differ- 

entiation of empirical equations which are used to fit the thermal linear expansion data. 

The values at and above 400 K are provisional and their uncertainty is ± 15$, and those 

below 400 K are typical values which are very uncertain. 



74 

TABLE 3-7    PROVISIONAL THERMAL LINEAR EXPANSION 
OF PYROCERAM ( CORNING 9606) 

[Temperature. T, K; Linear Expansion, AL/L0, 7«; Coefficient of Expansion, a, 10~* K'1] 

T AL/Lo a 

293 0.000 1.9* 
300 0.002 2.5» 
325 0.010 5.2* 
350 0.023 6.9* 
400 0.061 7.6 

450 0.095 5.4 
500 0.114 3.6 
550 0.132 3.7 
600 0.150 3.8 
650 0.169 3.9 

700 0.189 3.9 
750 0.208 4.0 
800 0.229 4.1 
850 0.250 4.2 
900 0.272 4.2 

950 0.293 4.3 
1000 0.314 4.4 
1100 0.358 4.6 
1200 0.401 4.7 
1300 0.441 4.8 

* Typical value. 

r 
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e.   Thermal Diffusivity 

Seven sets of experimental data are available in the literature.   The data are 
tabulated in Table 3-12 and shown partially in Figure 3-4.   The information on specimen 

characterization and measurement condition for the data sets is given in Table 3-11. 

The recommended values are calculated from the equation 

k 
a = C d 

P 

using the recommended thermal conductivity, specific heat, and thermal linear expan- 

sion.   The values agree to within ± 10f( with all the experimental data. 

The recommended values are tabulated in Table 3-10 and shown in Figure 3-4. 

The uncertainty of the values is within ± 10f(. 
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TABLE 3-10.   RECOMMENDED THERMAL DIFFUSIVITY OF 
PYROCERAM (CORNING 9606) 

[Temperature, T, K; Thermal Diffusivity, ot, cm2 ff-1) 

T a 

293 0.0194 
300 0.0190 
350 0.0170 
400 0.0155 
450 0.0143 

500 0.0135 
550 0.0128 
600 0.0122 
650 0.0117 
700 0.0112 

750 0.0108 
800 0.0105 
850 0.0102 
900 0.0997 
950 0.0975 

1000 0.0955 
1100 0.00921 
1200 0.00893 
1300 0.00872 
1400 0.00858 

m' 
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3.4.   Silicon Nitride (SI,N4) 

Bulk silicon nitride is manufactured by reacting silicon powder with nitrogen at 
elevated temperatures (above 1573 K).   It is used as a hard refractory material in high- 

temperature ceramic applications with a useful service temperature of about 1500 K.   It 
dissociates at about 2200 K.   It has been reported [92] that there are two types of crystal 
structure of silicon nitride, 01-813144 and /3-Si3N4, both of which are hexagonal but with 

different lattice constants in the c-axis.   It has also been reported (93] that silicon ni- 
tride has four types of crystal structure.   Silicon nitride is a good electrical insulator 

with reported electrical resistivity of 1012 0 cm at room temperature and 106 cm at 
1300 K.   It has a very low coefficient of thermal expansion; as a result, its thermal shock 

resistance is very good so that it can be used as a high-temperature radome material. 

Its theoretical room-temperature density is 3.16 g cm"8 [95]. 

Dense silicon nitride is produced by hot pressing and sintering silicon powder 
compact in a nitrogen atmosphere at high pressure and at a temperature near the melt- 

ing point of silicon (1687 K).   Using this technique, laboratory preparations have re- 

sulted in samples of 98^ purity. 

There is considerable increase of interest in silicon nitride thin films for micro- 
electronic applications in the recent years.   Silicon nitride films can be prepared by 

several different deposition techniques:  direct nitridation, evaporation, glow discharge 

(dc and rf), sputtering (dc, rf. and reactive), and pyrolysis (chemical vapor deposition). 

The reactive sputtering and pyrolysis methods have been most frequently utilized.   In 

each of these deposition methods, several parameters can be varied:  temperature, flow 

rate, plasma density, pressure or degree of vacuum, ratio of reactants, and electric 
field.   Prior to deposition, the substrates are usually given a mechanical lap followed 
by a mechanical or chemical polish.   Heat treatment of the film is also utilized. 

a.   Thermal Conductivity 

There are 36 sets of data available for the thermal conductivity of silicon nitride. 

Most of the measurements are on porous specimens with density ranging from approxi- 

mately 2.0 g cm**3 to 2. 8 g cm-3, and only two sets (curves 3 and 24) are on nearly non- 

porous specimens (density » 3.1 g cm"3).   The experimental data are tabulated in Table 

4-3 and shown partially in Figure 4-1.   The information on the specimen characterization 

and measurement condition for each of the data sets is given in Table 4-2.   The existing 

evidence seems to indicate that the thermal conductivity of silicon nitride depends not 

only on porosity and purity, but also on the relative abundance of the a and the ß phases 
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and on the method of fabrication [95, 96].   For these reasons, only provisional values 

are given for the thermal conductivity.   The values for a porous polycrystalline specimen 

of density 2.4 g cm-3 (approximate porosity 75$) are based on the data of Wells [96] 
at higher temperatures and of Godfrey and Lindley [95] at room temperature.   The un- 

certainty of the provisional values is about ± 20$. 

The thermal conductivity values for non-porous polycrystalline silicon nitride 

are estimated from those for the porous silicon nitride using the expression given by 

Koh and Fortini [156]: 

k 1-P 
IT " 1 + 11PZ 

o 

where k and k   are the thermal conductivities of the porous and the non-porous mate- 

rials, respectively, and P is the porosity.   The resulting values agree quite well with 

the data of Powell and Tye [94] (Curve 24) over the temperature range of their mea- 
surement, both in temperature dependence and in magnitude.   Their uncertainty is es- 

timated to be about ± 15$ below 400 K and ± 25$ at higher temperatures. 
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TABLE 4-1.   PROVISIONAL THERMAL CONDUCTIVITY OF SILICON NITRIDE (Si,^) 

(Temperature, T, K; Thermal Conductiviiy, k, W cm"1 K"1) 

k 
T 

Density 2.4 g cm'3 Density 3.16 g cm"^ 

273.15 0.167 0.360 
293 0.162 0.349 
300 0.160 0.343 
350 0.148 0.319 
400 0.139 0.299 

450 0.131 0.282 
500 0.125 0.268 
550 0.118 0.254 
600 0.113 0.243 
650 0.109 0.235 

700 0.105 0.226 
750 0.101 0.218 
800 0.0988 0.213 
850 0.0951 0.205 
900 0.0924 0.199 

950 0.0899 0.194 
1000 0.0876 0.189 
1100 0.0836 0.180 
1200 0.0600 0.172 
1300 0.0769 0.166 

1400 0.0741 0.160 
1500 0.0716 0.154 
1600 0.0693 0.149 
1700 0.0672 0.145 
1800 0.0653 0.141 

1900 0.0636 0.137 
2000 0.0620 0.134 
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b.   Specific Heat 

There are six sets of experimental data available for the specific heat of silicon 
nitride.   Hie information on the specimen characterization and measurement conditions 

for each data set is given in Table 4-5.   The experimental data are tabulated in Table 

4-6 and shown in Figure 4-2. 

These experimental data sets cover the temperature range 273-2200 K.   The 
recommended values shown in Figure 4-2 and tabulated in Table 4-4 are derived pri- 

marily from the measurements of Kalley [103] (curve 2), Satoh [104] (curve 4), and 

McLean, Fisher, and Bratton [105] (curve C).   Thj specific heat data of Neel, Pears, 
and Oglesby [61] (curve 3) are about 7-15)1 higher than the recommended values above 

1400 K.   The mixing rule calculations of Pehlke and Elliott [106] (curve 1) yield values 

which are up to 35$ higher below 800 K and 15% lower above that temperature.   The 

uncertainty of the recommended values is ± 5$ below 1000 K and ± 10$ above that tem- 
perature. 
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TABLE 4 -4.   RECOMMENDED SPECIFIC HEAT OF 
SILICON NITRIDE (SijNj 

[Temperature, T, K; Specific Heat, C , cal g"1 K-1] 

T C 
P 

200 0.138 
250 0.152 
273.15 0.158 
293 0.163 
300 0.165 

350 0.176 
400 0.186 
450 0.197 
500 0.206 
550 0.215 

600 0.224 
650 0.233 
700 0.242 
750 0.248 
800 0.254 

850 0.260 
900 0.266 
950 0.271 

1000 0.276 
1100 0.285 

1200 0.293 
1300 0.301 
1400 0.307 
1500 0.312 
1600 0.316 

1700 0.320 
1800 0.324 
1900 0.327 
2000 0.329 
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c.   Heat of Fusion 

Silicon nitride decomposes at 2200 K. The standard heat of formation, Apfssg, 
of silicon nitride for the reaction in which decomposition pressure of nitrogen reaches 

one atmosphere is 1270 ± 50 cal g-1 according to Stull and Prophet [108]. 
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d.   Thermal Linear Expansion 

Silicon nitride occurs in two crystalline forms having nearly the same densities 

and crystallographic structures (c. p.h.).   orSij^ is formed at lower temperature and 

/3-Si3N4 at higher (» 1800 K) temperature.   ß-Si^ can be obtained by an irreversible 

reaction by heating a-SigN^ at high temperature in the presence of nitrogen.   The tem- 

perature at which the nitride is formed is an important factor in determining the phase. 

The thermal expansion data for each of the two forms of SigNj are treated separately. 

There are 33 sets of experimental data available for the thermal linear expan- 

sion of Si3N4.   The information on the specimen characterization and measurement con- 

dition for each of the data sets Is given in Table 4-8.   The experimental data are tabu- 

lated in Table 4-9 and partially shown in Figures 4-3Ä thru 4-3E.   The temperature 

range covered by these data sets is 273-2100 K. 

q-suN, 

There are 4 sets of experimental data (curves 18, 20, 22, and 24) for measure- 

ments parallel to a-axis.   These are shown in Figure 4-3Ä.   There are 4 sets of exper- 

imental data (curves 19, 21, 23, and 25) for measurements parallel to c-axis.   These 

are shown in Figure 4-3B.   The experimental data for polycrystalline material (curves 
1-15) are partially shown in Figure 4-3C.   For an anisotropic material like SigN^ it is 
customary to select the most probable values for thermal linear expansion parallel to 

and perpendicular to the c-axis, and from these to calculate the values for a randomly 
oriented polycrystalline material.   However, this procedure can not be applied here 

due to the lack of reliable data for the single crystal. 

The provisional values for polycrystalline a-Sljf^ shown in Figure 4-3C and 

tabulated in Table 4-7A are derived primarily from the measurements of Tokuyama et al. 

[109] (curve 1), Burkhardt and Marvel [110] (curve 14), Gregor [111] (curve 15), 

Steel et al. [112] (curve 2), and of Wells [96] (curves 3-6).   The data reported by 

Neel et al. [61] (curves 8-12) are inconsistent; moreover, they seemed to have problem 

with their specimen (curve 13).   The uncertainty of the provisional values is about ± 15fL 

The values of the instantaneous coefficient of thermal linear expansion, a, are 
obtained by differentiation of empirical equations which are used to fit the thermal linear 

expansion values, with the resulting values slightly adjusted in order to be consistent 

with the general shape of the expansion curve.   The uncertainty of these values is about 

±20^ 
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The provisional values for directions parallel to the a-axis (perpendicular to the 

c-axis) and parallel to the c-axis reported in Table 4-7A and shown in Figures 4-3A 

and 4-3B are based on the provisional values for polycrystalline material and on the 

trends of the data reported by Thompson and Pratt [113] (curves 18 and 19) and by 
Iwai and Yasunaga [114] (curves 24 and 25). 

The specimens used by Thompson and Pratt [113] (curves 20-23) seemed to 

have been contaminated by free silicon and oxygen giving anomolous results around 700- 
1150 K.   Their results above 1150 K are too low.   The data of Iwai and Yasunaga [114] 

are also too low.   The uncertainty of the provisional values is about ± 15$. 

No experimental data for the thermal linear expansion for polycrystalline j3-Si3N4 

were located in the literature.   The provisional values reported in Table 4-7B and shown 

in Figures 4-3D and 4-3E are based on the data of Thompson and Pratt [113] (curves 

16 and 17) and of Iwai and Yasunaga [114] (curves 26 and 27).   The phase formed at 

higher temperature generally has lower thermal expansion values than the phase formed 

at lower temperature.   In generating the provisional values for the a-axis (perpendicular 

to the c-axis) and the c-axis, the shape of the thermal linear expansion curves for 

a-Si^ were also taken into account. 

The provisional values for polycrystalline /J-Si^ tabulated in Table 4-7B and 

shown in Figure 4-3C were calculated from the provisional values for a-axis and c-axis. 

These values are considered accurate to within ± 15^.   The values of the instantaneous 

coefficient of thermal linear expansion, a, are obtained by differentiation of empirical 

equations which are used to fit the thermal linear expansion data, with resulting values 

slightly adjusted in order to be consistent with the general shape of the expansion curve. 

The uncertainty in these values is about ± 15^. 
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TABLE 4-7A.   PROVISIONAL THERMAL LINEAR EXPANSION OF ALPHA 
SILICON NITRIDE (a-Sl,^) 

[Temperature, T, K; Linear Expansion, AL/L0, £; Coefficient of Expansion, oc, 10"6 K"1] 

T 
J_ c-axis // c-axis Polycrystalline 

AL/LQ AL/L0 AL/L0 a 

293 0.000 0.000 0.000 1.2 
310 0.0003 0.002 0.001 1.4 
320 0.001 0.003 0.002 1.4 
340 0.004 0.008 0.005 1.6 
350 0.005 0.010 i           0.007 1.6 

360 0.006 0.012 0.008 1.7 
380 0.007 0.016 C.010 1.8 
400 0.010 0.020 0.013 1.9 
420 0.014 0.026 0.018 2.0 
450 0.020 0.035 0.025 2.2 

500 0.029 0.051 0.036 2.4 
550 0.041 0.066 0.049 2.6 
600 0.054 0.080 0.063 2.8 
650 0.069 0.096 0.078 3.0 
700 0.083 0.112 0.093 3.1 

750 0.098 0.129 0.108 3.2 
800 0.114 0.145 0.124 3.3 
850 0.130 0.163 0.141 3.3 
900 0.147 0.179 0.158 3.4 
950 0.163 0.197 0.174 3.4 

1000 0.180 0.215 0.192 3.5 
1100 0.213 0.253 0.226 3.5 
1200 0.249 0.290 0.263 3.6 
1300 0.285 0.329 0.300 3.7 
1400 0.322 0.367 0.337 3.8 

1500 0.360 0.405 0.375 3.9 
1600 0.400 0.443 0.414 3.9 
1700 0.440 0.482 0.454 4.0 
1800              ! 0.480 0.520 0.493 4.0 
1900 0.520 0.558 0.533 4.1 

2000 0.560 0. 596 0.572       {        4.1 
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TABLE 4-7B.    PROVISIONAL THERMAL LINEAR EXPANSION OF BETA 
SILICON NITRIDE (ß-Si,N4) 

[Temperature, T, K; Linear Expansion, AL/L0, $; Coefficient of Expansion, a, IGT6 K-1) 

J_ c-axis // c-axis Polycrystalline 
T 

AL/Lo AL/L0 AL/Lo a 

293 0.000 0.000 0.000 1.0 
310 0.001 0.002 0.001 1.2 
320 0.001 0.003 0.002 1.2 
340 0.002 0.006 0.003 1.4 
350 0.002 0.007 0.004 1.4 

360 0.003 0.009 0.005 1.5 
380 0.005 0.011 0.007 1.6 
400 0.009 0.013 0.010 1.7 
420 0.010 0.016 0.012 1.9 
450 0.019 0.022 0.020 2.0 

500 0.032 0.032 0.032 2.3 
550 0.044 0.045 0.044 2.5 
600 0.057 0.058 0.057 2.7 
650 0.071 0.073 0.072 2.8 
700 0.086 0.088 0.087 3.0 

750 0.100 0.105 0.102 3.1 
800 0.114 0.122 0.117 3.2 
850 0.129 0.140 0.133 3.3 
900 0.144 0.159 0.149 3.3 
950 0.159 0.179 0.166 3.4 

1000 0.174 0.198 0.182 3.4 
1100 0.205 0.239 0.216 3.5 
1200 0.237 0.282 0.252 3.6 
1300 0.271 0.325 0.289 3.6 
1400 0.303 0.369 0.325 3.7 

1500 0.337 0.414 0.362 3.7 
1600 0.370 0.461 0.399 3.8 
1700 0.404 0.507 0.438 3.9 
1800 0.438 0.554 0.477 3.9 
1900 0.474 0.601 0.516 4.0 

2000 0.511 0.649 0.557 4.0 
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e.   Thermal Diffusivity 

There are twelve sets of data available for the thermal diffusivity of porous 

silicon nitride, ten of which consist of a single data point each at room temperature. 

The experimental data are tabulated in Table 4-12.   The information on the specimen 

characterization and measurement condition for each of the data sets is given in Table 

4-11.   Hie porosity of the various specimens reported varies between 17£ and 85^. 

The available information is not adequate for analysis.   Hence the thermal diffusivity 

values are calculated from the equation: 

k 

using the values of thermal conductivity, specific heat, and thermal linear expansion 

reported in earlier sections.   The resulting values are tabulated in Table 4-10 and 

shown in Figure 4-4 and are for polycrystalline samples with densities 2.4 g cm-3 and 

3.16 g cm"3.   Since the values are very uncertain, they are considered merely as 

typical values. 
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TABLE 4-10.   TYPICAL THERMAL DIFFUSIVITY OF SILICON NITRIDE  (SljN«) 

(Temperature, T, K; Thermal Diffusivlty, tu, cm* tf"1) 

T a 

!         Density 2.4 K cm-3 1         Density 3.16 g cm"' 

293 0. 0989 0.162 
300 0. 0963 0.157 
350 0.0835 0.137 
400 0.0742 0.121 
450 0.0662 0.108 

500 0.0598 0.0984 
550 0.0545 0.0894 
000 0.0503 0.0822 
650 0.0467 0.0764 
700 0.0433 0. 0708 

750 0.0406 0.0667 
800 0.0387 0.0636 
850 0.0365 0.0599 
900 0.0347 0.0570 
950 0.0330 0.0540 

1000 0.0317 0.0520 
1100 0.0293 0.0480 
1200 0.0273 0.0447 
1300 0.0258 0.0420 
1400 0.0245 0.0397 

1500 0.0232 0.0377 
1600 0.0222 0.0360 
1700 0.0213 0.0347 
1800 0.0205 0.0333 
1900 0.0196 0.0322 

2000 0.0190 0.0318 
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3.5.   Boron Fiber Epoxy Composite 

This composite material consists usually of continuous boron filaments sur- 

rounded by a matrix of epoxy resin.   It is usually produced in tape form so that it can 
be used in further fabrication of specialized materials. 

The boron filaments, as currently produced, are formed by vapor deposition of 
boron on a fine tungsten wire substrate within a reactor.   Exposure of the tungsten sub- 

strate to the high-temperature boron trichloride reactor environment results in a fila- 
ment consisting of a boron sheath on a tungsten boride core.   Other means of producing 

boron filaments are currently being investigated which would eliminate the tungsten 

substrate. 

The organic matrix resins most commonly used with boron filaments are modi- 

fied epoxy resins, available as commercial formulations developed specifically for this 
purpose.   Other organic resins used include polyamides and phenolics.   However, the 

state of the art with these resins is less advanced than for the epoxy resins. 

The normal service temperature range of the boron fiber epoxy composite is 
dependent on the type of epoxy resin being used as a matrix.   This range is from about 

220 K, below which the epoxy becomes very brittle, to 450 K.   Epoxy resin decomposes 

around 590 K. 

a.   Thermal Conductivity 

There are three sets of data available for the thermal conductivity of boron fiber 
epoxy composite.   The experimental data are tabulated in Table 5-3 and shown in Figure 

5-1.   The information on specimen characterization and measurement condition is given 

in Table 5-2.   The data reported by Gille [116] (curve 1) is for a composite with epoxy 

content of 32.5^.   Hertz et al. [117] (curves 2 and 3) did not report the composition of 
their specimens for thermal conductivity measurements; however, most of their specimens 
for other tests (e. g. mechanical strength) are for composites with approximate epoxy 

content of 33^.   It is therefore assumed that their thermal conductivity measurements 
are for specimens with the same epoxy content, i. e. 33£. 

The provisional values tabulated in Table 5-1 and shown in Figure 5-1 are based 

on the investigations of Gille (curve 1) for heat flow in the direction parallel to the 

boron fibers, and on those of Hertz et al. (curve 2) for heat flow in the direction per- 

pendicular to the boron fibers.   The data of Hertz et al. (curve 3) for heat flow in the 
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parallel direction are ignored because their data show a wild temperature dependence 
at around 350 K.   The tabulated values are for a composite with epoxy content of about 
30^.   Their uncertainty is estimated to be ± 25%. 
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TABLE 5-1.   PROVISIONAL THERMAL CONDUCTIVITY OF BORON FIBER 
EPOXY COMPOSITE 

[Temperature, T, K; Thermal Conductivity, k, W cm"1 K"1) 

k 

T 30 volume percent epoxy 

a b 

40 0.0151 0.0029 
60 0.0184 0.0031 
80 0.0201 0.0034 

100 0.0210 0.0037 
120 0.0215 0.0039 

150 0.0219 0.0043 
200 0.0223 0.0049 
250 0.0226 0.0054 
293 0.0228 0.0058 
300 0.0229 0.0059 

350 0.0230 0. 0061 
400 0.0228 0.0060 
450 0.0224 0.0051 

a Heat flow parallel to fiber direction. 
b Heat flow perpendicular to fiber direction. 
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b.   Specific Heat 

There are 3 sets of experimental data available for the specific heat of boron 

fiber epoxy composite.   The information on the specimen characterization and measure- 

ment conditions for each of the data sets are given in Table 5-5.   The experimental data 

are tabulated in Table 5-6 and shown in Figure 5-2. 

The provisional values tabulated in Table 5-4 and shown in Figure    -2 are based 

on the measurements of Kim [118] (curve 1).   The uncertainty of the values is about 

±7£.   Hertz, Christian and Varias [117] (curves 2 and 3) did not report the composition 

of their specimen, and therefore their results were not analyzed. 
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TABLE 5-4.  PROVISIONAL SPECIFIC HEAT OF BORON 
FIBER EPOXY COMPOSITE 

[Temperature, T, K; Specific Heat, C , calg-1 K-1] 

C 
T P 

27 percent Epoxy 

100 0.087 
150 0.134 
200 0.181 
250 0.225 
273.15 0.245 

293 0.262 
300 0.268 
350 0.307 
400 0.342 
450 0.370 
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c.   Heat of Fusion 

No experimental data for the heat of fusion of boron fiber epoxy composites were 

located in the literature.  Most of the epoxy resins in their pure state are liquid above 

room temperature.   The choices of a specific epoxy resin, curing agent and curing 

mechanism are based on the considerations such as end use, curing conditions, cost 
and the specific properties desired in the cured resin.   The softening point of cured 

resin is near 450 K.   No experimental data for the heat of fusion/softening of cured 

epoxy resin were located in the literature.   The melting point of boron is about 2300 K 

and its heat of fusion is 1110 ± 40 cal g"1. 
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d.   Thermal Linear Expansion 

There are 23 sets of experimental data available for the thermal linear expansion 
of boron fiber epoxy composites.   The information on the specimen characterization and 

measurement condition for each of the data sets are given in Table 5-8.   The experimental 
data are tabulated in Table 5-9 and shown partially in Figures 5-3Ä and 5-3B. 

Nakamura and Larsen [119] (curves 1-3) reported the longitudinal and transverse 
thermal linear expansion data for Boron/Avco 5505 composite.   Hertz et al. [117] 

(curves 4-23) reported data for SP-272 boron epoxy composites under various laminate 

orientations and experimental conditions.   However, Hertz et al. [117] did not report 
the compositions of the specimens.   Therefore, the provisional values tabulated in 

Table 5-7 and shown in Figures 5-3A and 5-3B are based on the data of Nakamura and 
Larsen [119] (curves 1 and 2), and are applicable to cured Boron/A vco 5505 composite 

with a density of 2 g cm"3 and a fiber content of about 50 volume percent.   No experimental 
data for this Boron/Avco 5505 composite below 293 K were located in the literature.   The 
low-temperature values were obtained by extrapolating the high-temperature values ac- 

cording to the general trend of the data for other composites.   The uncertainty of the 

provisional values is about ± 10£. 

The values of the instantaneous coefficient of thermal linear expansion, Q, are 

obtained by differentiation of empirical equations which are used to fit the thermal Ifcear 

expansion values, with resulting values slightly adjusted in order to be consistent with 

the general shape of the expansion curve.   The uncertainty of these values is within ± 20$. 
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TABLE 5-7.   PROVISIONAL THERMAL UNEAR EXPANSION OF BORON FIBER 
EPÖXY COMPOSITES 

[Temperature, T, K; Linear Expansion, AL/L0, ^; Coefficient of Expansion, a, IGT6 K"1] 

a b 
T 

AL/Lo a AL/L0 a 

75 -0.041 1.0 -0.309 7 
100 -0.038 1.3 -0.286 9 
150 -0.031 1.6 -0.233 12 
200 -0.022 2.0 -0.166 14 
250 -0.011 2.5 -0.085 18 

273.15 -0.005 2.7 -0.042 20 
293 0.000 3.0 0.000 23 
300 0.002 3.0 0.017 24 
350 0.019 3.6 0.154 31 
400 0.038 4.1 0.325 37 

450 0.058 4.4 0.522 42 

a Longitudinal thermal linear expansion, 
b  Transverse thermal linear expansion. 
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e.   Thermal Dlffusivlty 

There are no experimental data available for the thermal diffusivity of boron 
fiber epoxy composites.   The calculation of the thermal diffusivity from the thermal 

conductivity, specific heat, and density values has not been carried out, because of the 

lack of uniformity in specimens for which other thermal properties are available. 

Furthermore, the thermal diffusivity of a composite is not a well-defined quantity. 
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3.6.   Glass Fiber Epoxy Composite 

The glass fiber epoxy composite consists usually of fine glass fibers surrounded 

by a matrix of epoyy resin.   The other alternative form commonly used is the glass 
fabric reinforced plastics with epoxy surfacer. 

Modified epoxy resins developed specifically for use in composites with glass 
fibers are available commercially.   These are thermosetting resins used for low pres- 

sure laminating and normally cannot be used in continuous service above about 450 K, 

although intermittent service at a higher temperature up to 490 K is possible.   Many of 

the various epoxy resins used as matrix constituents of composites are proprietory 

formulations, the exact chemical compositions of which are not available. 

a.   Thermal Conductivity 

There are 93 sets of experimental data available for glass fibers and fabrics 
bonded by epoxy resins, mostly for temperatures ranging from about 100 K to somewhat 

above the softening temperature of about 450 K; one set of data (curve 30), not shown 

in the figure, is for a plate specimen measured at temperatures up to 1315 K. 

The experimental data are tabulated in Table 6-3 and shown partially in Figure 

6-1.   The types of glass fibers and epoxy resins constituting the test specimens are: 

YM-31-A glass/DER 332   (curves 1-8, 17-23), 

E-glass/NICC 1174/3   (curves 28, 29), 
E-glass/DER 332  (curves 13-16, 24-27, 30-32), 

E-glass/DEN 438  (curves 33-38), 

E-glass/ERSB-0111  (curves 40, 41), 
S-glass/DEN 438   (curves 42, 43), 

S-glass/E-787  (curves 44-67), 

S-glass/DER 332  (curves 68, 69), 
S-glass/DER 332/DEH 50  (curves 70-84), and 

S-glass/Polaris ((curves 90-93). 

Further information on specimen characterization and measurement conditions is given 

in Table 6-2. 

Since the thermal conductivity of these composites depends on the type of glass 

and resin, the relative amounts of each and the direction of heat flow, no single set of 

recommended or provisional values can be given.   Hie typical values tabulated in Table 

i 
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6-1 and shown in Figure 6-1 are presented for a 35$ ERSB on epoxy resin reinforced 

by parallelly laminated E-glass 181 fabric, density 1.87 g cm-3, for heat flow perpen- 
dicular to the fabric.   These values are based primarily on the measurements of Lewis 

[128] (curves 40 and 41). 
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TABLE 6-1.   TYPICAL THERMAL CONDUCTIVITY OF GLASS FIBER 
EPOXY COMPOSITES 

[Temperature, T, K; Thermal Conductivity, k, W cm-1 K"1] 

T k 

100 0.0027 
150 0.0032 
200 0.0036 
250 0.0040 
273.15 0.0041 

293 0.0042 
300 0.0043 
350 0.0045 
400 0.0046 
450 0.0044 
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b.   Specific Heat 

There are 38 sets of experimental data available for the specific heat of glass 

fiber epoxy composites.   The information on the specimen characterization and mea- 

surement conditions for each of the data sets is given in Table 6-5.   The experimental 

data are tabulated in Table 6-6 and partially shown in Figures 6-2A through 6-2D.  These 

data sets cover the foPowing types of composites: 

E-glass fibers/fiarmco   (curves 1-7, 37, 38), 

E-glass fibers/Dupont P.I.   (curve 8), 

YM-31-A glass flbers/DER 332  (curves 10, 13, 26, 27, 32, 34), 

"181" glass fabric/shell X-131 (curves 22, 23), 

Glass fibers/Epon 828  (curves 11, 28-30), 

E-glass fibersA)ER 332   (curves 33, 35), and 
Glass fibers/DEN 438  (curves 24, 25, 36). 

The provisional values generated as discussed in the following sections are for well 

cured and thermally stable composites.   The resin content of each composite is 

given together with the specific heat values. 

E-Glass/DER 332 Composites 

The provisional values tabulated in Table 6-4 and shown in Figure 6-2A are 

based on the measurements of Pears, Engelke, and Thornburgh [126] (curves 33 and 

35).   These values are considered accurate to about ± 10%.   This composite begins to 

degrade near 550 K. 

E-Glass/DEN 438 Composites 

The provisional values tabulated in Table 6-4 and shown in Figure 6-2B are based 

on the measurements of Pears, Engelke, and Thornburgh [126] (curve 36).   These values 

are considered accurate to about ± 10^.   The investigations of Lagedrost et al. [133] 

(curves 24 and 25) yield considerably higher values for their composites containing 

chopped glass and microballoons. 

E-Glass/Narmco Epoxy Composites 

The provisional values tabulated in Table 6-4 and shown in Figure 6-2C are based 

on the measurements of Kim [118] (curves 1-7).   These values are considered accurate 

to within^ 10^.   The specific heat values of Pears et al. [126] (curves 37 and 38) for 
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composites with Narmco NRC 1174/3 epoxy resin (molded from powder) are considerably 
higher below 350 K and lower above that temperature. 

YM-31-A Glasa/DER 332 Composites 

The provisional values tabulated in Table 6-4 and shown in Figure 6-2D are 
based primarily on the data of Campbell et al. [134] (curve 26).   The uncertainty of 
these values is about ± 10ft.   The specific heat values of Pears et al. [126] (curves 32 

and 34) for composite containing 40 percent epoxy vary as much as 25$ from the pro- 
visional values. 

^^-'■v. 
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TABLE 6-4.   PROVISIONAL SPECIFIC HEAT OF GLASS 
FIBER EPOXY COMPOSITES 

[Temperature, T, K; Specific Heat, C , cal gf1 K"1) 

E-Glass Fibers YM-31-A Glass Fibers 

T DER-332 
Epoxy 

DEN-438 
Epoxy 

Narmco Epoxy DER-332 
25 

percent 
38 

percent 
58 

percent 
Epoxy 

20 percent 20 percent 20 percent 

25 0.007 
30 0.013 
40 0.024 
50 0.034 
60 0.044 

70 0.052 
80 0.061 
90 0.070 

100 0.078 
150 0.116 

200 0.135 0.135 0.153 
250 0.165 0.165 0.188 
273.15 0.178 0.178 0.204 
293 0.189 0.189 0.217 
300 0.193 0.193 0.200 0.220 0.230 0.223 

350 0.220 0.220 0.234 0.260 0.313 0.258 
400 0.246 0.246 0.267 0.302 0.396 0.292 
450 0.271 0.271 0.324 
500 0.295 0.295 
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c.   Heat of Fusion 

No experimental data for the heat of fusion of glass fiber epoxy composites were 
located in the literature.   Most of the epoxy resins in their pure state are liquid above 
room temperature.   The choices of a specific resin, curing agent and curing mechanism 

are based on the considerations such as end use, curing conditions, cost and specific 

properties desired.   The softening point of cured epoxy resin is near 450 K.   No exper- 
imental data for the heat of fusion/softening of such cured epoxy resin were located in 

the literature. 
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d.   Thermal Linear Expansion 

There are 73 sets of experimental data available for the thermal linear expansion 

of glass fiber epoxy composites.   The information on the specimen characterization and 

measurement condition for each of the data sets is given in Table 6-8.   The experimental 

data are tabulated in Table 6-9 and partially shown in Figures 6-3A through 6-3F.   These 

data sets cover the following types of composites: 

E-Glass/Epon 828 epoxy   (curves 6-17), 

YM-31-A glass/DER 332 epoxy   (curves 19-21, 24-29, 36-41, and 52-54), 

E-Glass/DER 332 epoxy   (curves 30-35 and 42-45), 

E-Class/DEN 438 epoxy  (curves 18 and 46-51), 

S-Glass/DER 332 epoxy   (curves 62-65), and 

S-Glass/Epon 828 epoxy   (curves 66-69). 

It is worth noting that, although there are several data sets available for each 

of composites, the forms of glass used in the same type of composite are different. 

The various forms commonly used are fibers, rovings, and filaments.   Similarly, the 

curing agents and curing processes used are also different.   Most of the composites 

do not show reasonably stable behaviour after first heating and cooling cycle, resulting 

in scattered thermal linear expansion data.   Secondly, most of these data sets are not 

corroborated.   These make the data analysis very difficult.   It is practically impossible 

from the available information to separate out the effects of individual factors affecting 

the thermal expansion of composites, i. e., fiber type and content, epoxy type and content, 

curing agent, curing process, and heating/cooling cycles.   It may be safe to assume 

that the effect due to curing agent is smaller as compared with that due to curing process. 

Since the transverse thermal linear expansion (measured across the thickness) 

is several times higher than the longitudinal thermal linear expansion (measured along 

fiber plane), these two are discussed separately in the following sections. The provi- 

sional values generated are based mainly on the data for stable thermal cycle. 

Expansion Along Fiber Direction (Longitudinal) 

(1)   YM-31-A Glass Fiber/DER-332 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3A are derived 

primarily from the measurements of Campbell et al. [121] (curve 19), Pears et al. [126] 

(curves 24 and 25), and Haskins et al. [120] (curve 54).   These values are for cured 

composite with epoxy content of 20-40 weight percent and with parallel glass fiber 
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reinforcement.   This type of composite begins to degrade near 550 K.   The vncertainty 

of the values is about ± 10%.   It is worth noting that the thermal linear expansion for this 

composite is similar to YM-31-A glass fiber/Epon 828 composite (curve 6).   Similar 

composite with cross-plied fibers has slightly higher expansion and shows considerable 

scatter in the thermal linear expansion data (curves 36 and 37). 

(2) E-Glass Fiber/DER-332 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3B are de- 

rived primarily from the measurements of Pears et al. [1261 (curves 30 and 31). 

These values are for cured composite with epoxy content of about 30 weight percent and 

with parallel glass fiber reinforcement.   This type of composite begins to decompose 

near 550 K.   The uncertainty of the provisional values is about ± 10^6.   This composite 

has a lower longitudinal thermal linear expansion than YM-31-A glass fiber/DER 332 

epoxy composite and E-glass fiber/Epon 828 epoxy composite.   The composite with 

cross-plied fibers shows considerable scatter in the thermal linear expansion data and 

the expansion data during heating and cooling cycles are not reproducible. 

(3) E-Glass Fiber/DEN 438 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3C are 

derived primarily from the measurements of Pears et al. (1261 (curves 46 and 47). 

These values are for cured composite with epoxy content of 20 weight percent and with 

parallel glass fiber reinforcement.   The uncertainty of the provisional values is ± 10$. 

This composite begins to degrade near 600 K and has an intermediate thermal linear 

expansion between YM-31-A glass fiber/DER 332 epoxy composite and E-glass fiber/ 

DER 332 epoxy composite. 

Expansion Along Fiber Thickness (Transverse) 

The thermal linear expansion in the fiber thickness direction is generally about 

2 to 5 times higher than that In the direction along fiber plane (reinforcement direction). 

Unlike the expansion in the reinforcement direction, the thermal linear expansion along 

the fiber thickness Is greatly affected by warpage and delamination, especially at temper- 

atures near 475 K.   Therefore, the available data In the fiber thickness direction show 

considerable scatter making the data less useful for the purpose of analysis. 

(1)   YM-31-A Glass Fiber/DER 332 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3D are de- 

rived primarily from the measurements of Pears et al. (126] (curves 25 and 26) and of 
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Haskins et al. [120] (curves 52 and 53).   These values are for cured composite with 
epoxy content of 20-30 weight percent and with parallel glass fiber reinforcement.   The 

uncertainty of these values is about ± 15$.   The composite with cross-plied fibers has 

considerably higher and more irregular expansion (curves 38 and 39). 

(2) E-Glass Fiber/DER 332 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3E are de- 
rived primarily from the measurements of Pears et al. [126] (curves 32 and 33). 

These values are for cured composite with about 20 weight percent epoxy resin and with 

parallel glass fiber reinforcement.   The uncertainty of these values is ± 15£.   The com- 

posite with cross-plied fiber shows abnormally high thermal linear expansion above 

475 K, possibly due to delamination of the composite. 

(3) E-Glass Fiber/DEN 438 Epoxy Composite 

The provisional values tabulated in Table 6-7 and shown in Figure 6-3F are de- 
rived primarily from the measurements of Pears et al. [126] (curves 48 and 49). 

These values are for cured composite with epoxy content of 20 weight percent and with 
parallel glass fiber reinforcement.   The uncertainty of these values is ± 15j>,   This 

composite has higher expansion than similar YM-31-A glass fiber/DER 332 composite 
and E-glass fiber/DER 332 composite. 

The values of the instantaneous coefficient of thermal linear expansion, ot, for 

the above composites are obtained by differentiation of empirical equations which are 
used to fit the provisional thermal linear expansion values, with resulting values slightly 

adjusted in order to be consistent with the general shape of the expansion curve.   The 

uncertainty of these values is about ± 20^. 
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TABLE 6-7    PROVISIONAL THERMAL LINEAR EXPANSION 
OF GLASS FIBER EPOXY COMPOSITES 

[Temperature, T, K; Linear Expansion, AL/L0, %; Coefficient of Expansion, a, 10"6 K"1] 

a.   Expansion Along Fiber Direction 

T YM-31-A/DER-332 E/DER-332 E/DEN-438 

AL/Lo               a AL/LQ              a AL/LQ               a 

25 -0.133               3.9 
30 -0.131               4.0 
40 -0.127               4.1 
50 -0.123              4.2 
60 -0.119               4.3 

70 -0.115               4.4 
80 -0.110               4.5 
90 -0.106               4.5 

100 -0.101                4.6 
150 -0.077                5.0 

200 -0.051                5.3 
250 -0.024                5.5 
273.15 -0.011                5.6 
293 0.000               5.7 0.000             4.4 0.000                 5.1 
300 0.004                5.7 0.003              4.4 0.004                 5.1 

350 0.033               5.8          j 0.025              4.5 0.029                 5.2 
400 0.062                5.8          j 0.048             4.6 0.056                  5.3 
450 0.091                5.8 0.071             4.6 0.082                  5.4 
500 0.120               5.8          ! 0.094             4.7      ! 0.109                 5.4 
550          ' 0.148               5.8 0.118              4.8 0.137                 5.5 

b.   Expansion Along Fiber Thickness 

25 -0.643 22.1 
30 -0.632 22.1 
40 -0.610 22.1 
50 -0.588 22.2 
60 -0.566 22.2 

70 -0.544 22.3 
80 -0.521 22.4 
90 -0.499 22.5 

100 -0.476 22.6 
150 -0.361 23.4 

200 -0.242 24.5 
250 -0.115 26.1 
273.15 -0.054 26.9 
293 0.000 27.7 0.000 12.7 0.000 27.8 
300 0.019 28.0 0.009 13.5 0.020 29.1 

350 0.164 30.2 0.089 18.7 0.188 38.3 
400 0.322 32.8 0.196 23.9 0.403 47.5 
450 0.494 35.8 0.328 29.0 0.663 56.7 
500 0.682 39.2 0.486 34.2 0.970 66.0 
550 0.886 42.9 0.670 39.3 1.324 76.4 



160 

%   •NOISNBdXa WSNIl IMQHi 

I 

@ 

5 



161 

1                  * B 

1                                   ' 1 

f 

1               4 V V 

\ 4 

\ 
4                  B 

\ 

A 
1" < ♦ 

i 
0 

4 

-             «0 

IRISES 

8 S 8 • • 
o o 

%  'NOISMWO ttONn "WWQHi 

to B 

g 

i 

-i 

5 

o 
I 



162 

a 

\ 
• 

V 
^J \ 

\ 

N B\ 

\ 

\ 

i D e 

> 

■ 

i ?£ 

8 8 

%    'N0I8MMX3 WINP "WWQHi 

o •a I 
I 

g 

g 

8 

UJ 

e 

^ 

2 
S 

a. 

— ^^^0»—^^ 



163 

1 r 

! 

M 

♦ ^ 

« 
+ 

i.\ 
N 

1 

a 

A N 

8 

V- V 
\ 

1 I B O  4 4  X ♦ ♦■ K N ► M t 
g 

IsüSSsssRiRi;« B t\ 

1 

I 
I. 

a 

l fe 
E 

§ § § 

%  'N0ISMUX3 M3Nn THHiGHi 



164 

a 

' 

A 
^ \ 

\ 

•\ 

\ 

1          See <   ♦   X   ♦ 

E 

« 

CU
RV

E 
S 

33
 

%$** 
• 

■ 

g 

e 

§ 

§ 

i 
UJ 

lb 
e 

8 

8      i 

g 

8 

8      S 

8 

8 
CSJ 

8 8 8 8 
«• e o 

%    'NOISNbdXa MflNIl nüMOHl 

a. 
T 



165 

1 
1 

L 
1       ♦ 
D 

i 

x 
^ 

D^ss 

♦ K- 
♦ 

• V 

\ 

X 
X 

1 B • < ♦ 

I 

^g,, 3S 0 

1 
! 

? 

g 

Si 

bJ 

I   « 

5 

^ ^ ^ 
M M M O O 

%   'NBISNÖcDO UHaNIl -WMQHi 

o o 
8.       * 



,_ 

166 

s 

u 
5 

< 

I 

£ 
o 
U 

iif 
I if M a.« 

a  - 
c   i. 
P   he 

Si 
[A 

s 

i< 
= 5 

fUB 

!  I 

-  "S 

liHs 
hi!i um 
-5^ = 5 

a'all »? »l a 

y 
1!   I 

; H Ü I - 
! « 111 

., E rt u Oi m 

1111M 

a »na 

3 6 
3 

S 
i 

s? 

J      J 

|l 1 i 
ii i | 
m 'S a «i 

il i J is*. 
**   M " *' S 
O   ■• V O T 

■4  ■ 
6- 

T 
R     S 

T 

>  > 

Ot 9t Oi     Si 9i     n 9> 9i Oi &t 

i 
s 

4 
< 
4 
E 

■c 

| 
w 
-a E 
i 

d 
u 

d d   d 
u  u 

d   d 
u u 6 d 

U 
d 
u 5 5 

a y o    o u    o II a a C H 
■c 5 X   V t   t f | X ■c 

15 1 * 1 * 1 1 1 % I j 
u u w   u u  w u B fl u w 

J j 11 11 1 i 1 •a 1 
1 1 II II 1 1 1 | I 

>**    <: r*    N 9     9 

at   o       M   N 

I 



167 

1 
1 

a 

8 
u 

8 u. 

w 
K 

u 

a < 

1 
■o 

OS 2 
u Sf 
pa H 
•■* C 
n 1 

o 1 
h ■ 
0 0 
J. u 
o 
i 
fe 
Id 

5 
g c 
3 •a C  0 8 s a 

n S. ? ■ 
u »«a 
X 
H . u: U a  . 
z E fi 
H 

o 
(- J 

25 
0 
H r 1 < i ^^ 

I 

5< 
3   O 

iLfl] 

8 3 2 S N 8 

•1   w  -^ 

■o a 5    " 
»a- '•"' 

IS S5^ ä 

I |=V| s 
111»! u ~ S" s 

ttlffl 
o 
U 

{IS^H 

SöS ü 

till 
Ewji - 

^ CM £   be 

I 

a||ffig  b- 

I" 
n 

«11 
S3" 

^ 'S   •'f S S»a 

"«flhl 
B * *V In ! 

Sllfill S&sJE ^ts 

".III1! 
S X >> S •■ » «1 

ll 
il 
SS 

»1 
Si 

u 

I 
j 

El» 
u    v 5 

u 

V 
5 
&    es - a 

3? ii ii 1.8 IJ ij 
8 8  80  8 'S 

is »I rl V  S 
«^ •1 

• a I 1. 
& 82 

III 
• •     •» y 

I I g 
I  Ig 
8. i| 
■1    a a 

£     £ « £ f 
H   H h        H        H 

fi 1 fi 8 I 8 
U l\ \\ 

M M M 

id •-< 
u u u u 

P4 

u u 
\ 1 1 1 a g •a p 

■c i 1 u & ■c u 
u 01 1 «1 1 1 i i 1 i •^ 
» s i s i s s 

t- <C <t> 01 

Ü 
H 1^ m n 

a a i ** 
^ S 0 s 8 

0 0 © N n r* N g 00 
M M w 00 V « 35 CM in <n N N 

J     J J     -J 

i   i i i     ill 

■a 
t 

D 
i 

uos 

Id 

A 

Is   a 

■a -a •a 
s 

71 
t 

■a 

Q   Q Q d d 
ü   J U u u 

11 
• 

5 
• 

5 
• 

5 
£ 

§s 5 a (0 

S 8 K s a 



168 

1 
I 
I 

E 

u 
s 
2 
u 
OS 

B 

0 
u. 
o 
§ 

w 

5 
i 

u 
X 
H 

§ 
s 
p 

I 
5 
K u 

a 
5 

13 

I 
I I i 
8. 
E 
o 
U 

3 >• 

I 

si 

liiiüi 
m m     h     u9 

;*mf!j 
6 -ä J ^ O eg 5 

8ls   »■8 5 ■S 5 o i! w * = 
-Iflt« 3 8 

Q. 0 £   u   O  S1 v euu&u^ « 

1°: 

}>.S    »8 

litif!! 
nisi: 

ti u 
p 

Ü 

3 'S 

s 

u 
■a 

S 

:i 
It Is 

1 s _   _ 
"■o 

I 
"11*1 

u 3   2 2Q'C>-.9 3« 

u s Is c a ax a s 
H        U 

m 

u 
-a 

u 
•3 

t    i     a 

51       Vi 

U 

•3 -a 
•c 

I I 
S     2 

*   s 
s 

I 

S 
I   s   IS 

n      S 

2 i i i 2 i 2   2   2   2   2   2 

■a -a -a a -a -a 
t t t t t t 
Q d Q d d d 
U Ü U Ü Ü u 

« IS 
s   a 

«40 « 
M C4 M 
F4 P4 P4 

co        H        w       A 

2 

S 

4 
t « 

•a 
t 

i 
t 

^ 
t 

• 
•a 
t 

d • d d 
Ü 

d 
u 

d d 

• 

1 1 1 
• • 

1 
s s a s 1 a 
R s * s «4 3 



169 

1 

E 
8 
6. 

| 

W 

u 
I 

-1 
0 

ft 
u 
5 

1 
§ 

ä I 
s 

a 
9 

I 
T3 

i 

.2 

.a 

o o 

I 

t 
a 
S 
s 

I 
! 
K 
V 
a 

i 
l 

«i B 
5 S 
il 

2 
s 
n 

I 

s 

T u 
1 
E 

I 

u 

Ü 

S   s 

u 
-a 

i    i    I    i 

u     u u u 

I II I 
I  I It « 
S      S  2 S 

f           NX S «       N   « * 
i         IT i 
Sin   oo oo 

in   oe « 

J   J 

i   i   i 2   i   i 

E 

i i I     | 
ca     n 

■A 
5 

20
-2

97
 

20
-2

97
 

I   I 

J U j    J 

s   s 

-a 

d 
u 

il i   i   i 

8« • • 
M M N 

*4 M M ** 

-a 
« 

Q 

U 

3 
£ 

-a 
t 

•a 9 
t t 

■a 
x 

•       • • •■* M 
O      Q  0 P ^SJ 
Ü       Ü  Ü Ü -x ■» 

S   S S S \d\ 
£    £ £ £ sji£ 

•      •   «      •      e N       N   N       n       N 
P4 *4     *4 «-4 X 

;   9 s   s   st 

-a 
t 

1 

-a 

a 
X 

X 

1 
X 

J" 

X 

iä 
Q 

a i 
-a 

J 

-a 

m     HB a     H     H 

• •     •     5 
s   s       s    s   f 

i 
a 

I 



170 

1 
I 
I 6 

s o 
o 

o a, 
u 
K 
u 
a 

u. 
o 
s 
o 

I 
u 

u 
s 
3 
■I 

K 
U 
X 
H 
U 
I 
H 

§ 

0 
lb 
£ 

00 

5 

S. I 
0 
U 

181 
i Bf n S. » 

a   • 

5u 

I3 

5 

^ 

^ B   « 
b v   S 

—   flj      o 

ill 
H i 

111 
»3 | 

II CM    B 
K| 8 

la»« I    I« 1 
I    I«  8 

a '- 

I I 

^      1 
t/j 

a     s 

t 

J 

lie. 5 »;   • 
o .. 

I  III 

u.       u,       u. 

I 
is f 
I 1 
I   I 

a P 

he 1  (0 

ia 
u 5 

h 
«I u a 

I 
s 
-a 

1 
E 

«! 
>- s 
o 9 

8 

11 

_ o o — „ 

Ifill 
-ssfl 
■ 11 • i 

llil! 
ast8 

"B 

] 
I    8 I 11 :i 

112 
U CD 

Hi 
B 5 

II}!! 
J| g •? I1 3 ll I 

a 
a i- h — 

C 

.2 ><5 8 

IIII liltilifHJiiÜI 

s      S 

llljll 

So « "it •• 

fill111} 
ll|l|P 
Jlfidi BASS-3- « 

il J 

5 

8 

I» Is 
tiin {ihl 
Uli I'll 

8 I 

■#lllf I 

lllllfl 
ililri 
Rllll^ 

U. I 
i m     IU 
S"   Sa 9 N   3 " 
ort  Ug 
"'S  <" «. u     a 

a     u 
B 

J     J 

s 
X 

Is Si J II " s      1 

i 
2 s     £ 2 

I 

:< 

s     s 

J     J|*| J 

f III I I 
H        HS 8   H        H 

-a 
t 

» 
J 

i 

I 
1 
x 
J 

I 
s 
J 

!   i 

I 
J 

J 

i   I 
S§ SS SS S       8    8       8    9 

S     S     S     S        *S     3        S    I s 
3 

8 

I 
I 



171 

I 

I 

5 

1 

i 

o u 

: v 

1 

■ 

l 

3ä 

s 
i 
I 
t 

I 8 

I    I 
I 

I •  & 

go    g 
jf-S   o 

III 
ri 

l I 

s   a 

e  l 

3 



172 

m 
PI 

u 
> 

u 

c>i«!4>oc4int-S 

edeoooooe 
u 

lA^iCQ^IOtOIAlAIOeOtD 
S<N<OMCOMCM!I>«OC4 

Mfi^oOOO — MM sis 

3 I S9 * * 
o o ** ooooooooocoooo— ** 

w w > > i § u U 
m ac ^ina>NiAaDOM>nc-A-<nint- lO t- 

t- f <D t I -<   <0  -H  « C 
N ^ ^* © < 

s«««riOingB«n««wnt- oe«n«N 

i s J 
<i 

oddo'ododdood 

1 M N Ä n rs eo « ^ ^ ^ ^ 

8« »M Q N n rs tf 
1-«  W CO ^ « QO  o 

at- ^ te OD N 0« ~ 
W CJ — o o o 

oooooooooooeeow oooooodoeoodo 

3 i 
H > 
K 

U 

« o o t- siss • 
o o o o « 

u > 
s 
u 

S^iS 
nn** 

ddddddddddddddd 

i « n n 
i — IO o 
■ OS — 

n t- d> o 
K w « M 

n in e « « 
CM r- ao 
M - ~ 

ooooooooooooooo 
I    I    I    I 

n » «• in « i 
« in A M »n t 
—  —  — CM  CM   ( 

■ in ec — i 
i o « n i 

i * n i * — ! 
i n ^ < 

it 
Si 

nt^ — OMOOOkaoAaor* oiAetptoint-naoofrac~co<AflCoi 
SCM — og — cMMnfinio gaimd»AMieM«SM<sr-r<tt 

eeeeeeeeooo *      « o n CM CM N — ~ o o o 5 o o o o 

dddddddddddd "»      dddddddddddddddd 
iii ..iiiiiiiii 

N « t- « 
CM CM CM CM 

e «n Q iA e i 
5 M « c- o i 
CT PS rt M * ' 

, -I g S M S t- 
> p> n n « « « « 

aDOtneineinoini 
t-ONAt-SMinr-i 

— •-•W — NCMCMCMt 
|SS§Sg 
3 W P3 P3 P5 P5 

noiocMCM — r-»t-pcMc- 
«loA«rt»<0* — 5 — CM 

dddddddddddd 

ooomomoinoinooin 
t-OeMÄt-SCMÄt-OlOCM 

^41-) —  i-iCMCMCMNCMnP) 

2S232=2§SSSsisisS 4 gSSS2SSSisSS8S§8 , SS8S&S 

8eMeMP5ncMCMcMCMCMrtnt*p)aoflOaot- 
<Ot-000)0-«M«»in<OtCO>0><^ — CM 

i-i —  — — — eMCMCMCMCMeMCMCMCMCMCvnC^ 

8 M P) n CO M n N N N M M P) tr P> «     oo o in o in o <o c-ao o» o — CM n •• in <o t-« « o     c e M « r-B 
— -<«•-—CM CM CM CM CM CM CM CM CM M n M <J M M M 



173 

3 
ss; 
^ e o 

m 

« o « n e ao « siisqss 
o o o o o d o 

M 04 O 00 in 0> 
N 0> B 9> ♦ «> 

d d e d 

N CM  M 

CD >n A o> »-* w in ■* 

Oko»t-^<OiHe4« 

OOOMWrtODOD 

ddddd*Hein 

eiAlOANOM« 
t^oiAnöin^iA 
cMC4Nn^r^iAtn 

11 

U3 « 
5? 

♦ •* 00 ifl » — N 
*x ^ g t- — o 
o o " n u» at « 

^ t- A N A U) C^ 
ao ao n at ^> Q «o 
N N n n « A in 

M 

s 
< j 0.

16
3 

0.
01

2 
0.

00
0 

s eddeedee 00 0.
12

8 
0.

05
2 

0.
00

1 

n 0.
08

0 
0.

01
1 

0.
00

0 
0.

06
6 

0.
16

6 
0.

36
8 

0.
76

2 
1.

07
3 

1.
26

5 

?? 
iS 
d d s 0.

06
1 

0.
00

6 
0.

11
8 

0.
25

1 
0.

65
3 

1.
11

4 
1.

49
5 

7 u U u u u 
n "! > > > > > 
u w 3 

05 06 
3 

X 
3 

OS 

I U u U u u 
H sss ♦ n S ao**o>i» — »~ 

NNnn«>nin« « ^ N r<NNnn«inin« N 04 iisH^i 

l-l ao ** n tc t' ' itiiii 
ddddddddd 

1 "3 2 ) •• * « 
i ^ -M ^ 

i^ 00 O 00 O 0k 
n « 3 m te 

&   f   ~*  ** 

ssss 
d d d d 

So w t^ ■* S o CT n 
ooo^>nt-o e 

ooeoooo^ 

irt v n CM CM&CMCO**»») 

822 
o o e e 

N o- »< t «> -> — o 
M 04 N C4 

00 CO C| »M C4 CO Ol 
Sx m o « o « 

O ^ ^i t- C4 O 

d d d d d —' -^ 

!S8 
i H ♦ 

t- N »O 

10 
N 
o 
d 

u 

C34er-ieoaotD«(e'«iaottn 
CM-HO«QD<ßÄ*es|^QOO 

ISS^Si I 04 (D 

iis t-trtQMAaoD^t-tO«^oi9kinn^o»^*^c 
Ma)iAt04i«««nnnc;c4C4C4CMM^^^i 
OOOOOOOOOOOOOOOOOOOO' :iii§ 

■* t- t- aoo)eMC4^'intet-t»aDOOwcin«in(Ototet-aoo»A 
—  —  — -^^• — ^.^H^CMCMCMCMCMCMMCMCMCMCMMCMCM 

5 

3 1 

U 

«I 

04 e- io 
sssasssss* sss * o 
•-iC4NNe4NNmmn o e o 04 

u u 

6 
g5S 

«»o — ne40D<eo>»0Dint~t-n 
artr-04»« — » — «NOt-ooj 

ddddddddddddddd 

fi 04 8 

?£ 

t- c- " 

odd 

s?s 

a;in<sr~oc49>nc4oo«c4->nn«-' 
«^Ä«ao<o^''re4--Äooc-icin^« 
«nC4C4C4We4C4C4C4^^--^^w^ 

C4iftt-«0>-HSS»S?SoO*?0'- 
^w«^«^.^^_C4C4M 

I    I   I   I   I   t 

t-o4->t-nocNf-nne4004-« — 

ddddddddddddddd 
I   I   I   I   I   I 

8S2S?SS8SSSf: 
ddddddd<-'^-^^iJ 

I 



174 

1 
I 

siii ooSSooooooo< 

fc:   J" 

u 
S 
2 
u 
OS 

E 

n ^ tn n 
2SBS 

n « « n <e « c- o ^ ^- o o 

o t- t- t- 
04 t^ A A 

SOS Cl t- 
<-4 (O Q 

rt rt i-« o 

o o e e 

o c* t* t- 
CM c- n 01 

^ CM 

in A 04 o o o o o 
o d o d 

) m o > e 5 

t- o O O I 
04 O f 

N O ft • 
w -I O . 

5 in n S o o o 5 

a 
o <1 

St- e-: Q p? w n oc ■«*• o to ■*• o r- ■ 

atpi-ie4<or}t*«AU)oD«iAnA«>ooc|i>QXi^(nc4<p9aD 

to w4 n c* 
» «D ^ C 
-^    —    ^H     O 

i (A i-t 

o a? ac co 
co ■* t- o 
*4 ^ o e 

11' s s 

U9 e n n 
2 2 8 8 
d d d d 

5 
g 
3 

< 
s 
u 
X 
H 

| 

( 

U 

[5 
< a 
<-> 
< 
k 

8 > 
w > 

Id K 
3 
0 

•     H 

I 
a < 

04'*£C;'5>an&~o>eo<ein<#C4»*ftaDtDiAno40o-*|N'*Q 
«•»nM««nncoo40404M0404M->-«-j — — — — ooooo 

>oooooooeoeoeeeoe 

) (C m ^ A M oo fiaD««wflOO^Ok04^c4Cr04WOl^rokto^too>«ooc 
^iA<et-t-aDOD040»oO'^^^N04n^>^^iAin(et-oo«ooiOk 

-^^-«^^•-««-«-■  — 04010404040^04040404010404040404040404 

— 9* 
— o < 

> 2 at 
!5S 

o o d o d o -I —* 

So p in ift o n CM 
ft Ä CO 0* <0 w |- 

?c- 

M  04 

ooooo-«-« — 

oo n — x o n ■> i 

«« S S S ♦ S « I 

»8 

Mil inmt-oo«t*c-r3 

m •H  f-4 -« O O ooooooco 
U H > > 
K K 
s - 
0 U 

sill OlSt-ÄÄ©-«01 

w I 
5 
u 

J  -. t£>  «  < .*---«( 
• n o4 o i 

. tO IE O 

) N e 8 •  •  •   •  • ooooo 

> ♦ • N ^ 

ooo© — -« — -«     n     o o o o 

oeeooeee 

o<coiino>-"in<e ,u* 

e <p to ao P4 «i 
SO 5 « co M 
o o o M »rt 

H^isi 

|g   2§|§|S88 
eeeeeeee 

»int-nojt-ojio 



175 

i 
a 
sa 
< 

M e4 t 

:  N (£ X  > 

U > 
OS 
a 
u 

eeooooeoooo 

) in n 
n n i I s 

in M o öD i 
r: N ^ « < 
n n n ^4 ( 

> e« u) A n to 

oocooooooo© 

e*: » o « *o oo 
• • "« N n - 
« w n « n 

in to c: o to 
N N M w « 
o c o o o 

d c o o d 

N O 

o o 

d d d 
o o o o o < 

oooninaDA     w     ft» i n i ■ oc in « o OD r) 
^t O  Ol 
n w N 

ooboooeeSS 
©odododddd 

I 
E 
B 
U 

t-aD<»inNoot-««nint-n«o«ccnot-e 

ddddddddddddddddddddd 

_ — ^ N N N M J) ^ M M M ^ ^ M N N M N N N N N 

ddddddddddd 

DaDOntnooentnao^ 

I 



176 

e.   Thermal Diffusivity 

There is only one set of data available for the thermal diffusivity of glass fiber 
epoxy composite.   This data set is tabulated in Table 6-11 and the information on 
specimen specification and measurement condition is given in Table 6-10. 

The only available data set covers a narrow temperature range and the infor- 
mation on specimen characterization is too scarce.   Therefore, no recommended values 
are given.   Hie calculation of the thermal diffusivity from the tabulated values of thermal 
conductivity, specific heat, and density has not been carried out because the thermal 
diffusivity of a composite is not a well-defined quantity and because the values of the 
other properties are not for the very same material. 



177 

f 

B   Uli 
S-   8888 
u    e e e e 

! 



178 

3.7.   Graphite Fiber Epoxy Composite 

The graphite fibers used in the composites are made by the carbonization of 
organic filaments.   The filaments most often used are made from polyacrylonitrile 

(PAN), although rayon and acrylic fibers have been used to a limited extent.   The 

mechanical properties of graphite fiber depend on the temperature at which the carbon- 

ization process takes place.   Carbonization at a temperature in the range 2800-3300 K 
results in fibers with high elastic modulus but relatively low tensile strength and at a 

temperature in the range 1800-2300 K yields fibers of the greatest tensile strength but 

only moderate modulus of elasticity.   The density of the fibers varies from 1.74 to 

1.94 g cm"3 depending on the carbonization temperatures used.   The filaments are 

normally produced in untwisted, loose bundles or tows, consisting of ten thousand fibers. 

Modified epoxy resins developed specifically for use in composites with graphite 
fibers are available commercially.   These are thermosetting resins used for low pres- 
sure laminating and normally cannot be used in continuous service above about 450 K, 
although intermittent service at a higher temperature up to 490 K is possible.   Many 
of the various epoxy resins used as matrix constituents of composites are proprietory 

formulations, the exact chemical compositions of which are not available. 

For aerospace design, graphite fiber epoxy composites are generally supplied 
by the manufacturer as prepregs.   These are tapes or broadgoods consisting of graphite 

fibers impregnated with epoxy resin matrix and have only been partially cured and con- 

sequently have a limited shelf life and require special storage facilities.   The prepregs 

are used in the fabrication of laminates whose layer orientations are tailored to match 
individual design requirements.   Consequently, large numbers of Individually different 

cross-plied laminates are likely to be encountered, each of which has distinctive prop- 

erties and characteristics, and hence must be distinctly identified whenever it is to be 

associated with specific quantitative data. 

a.   Thermal Conductivity 

There are twenty-two sets of data available for the thermal conductivity of graphite 

fiber epoxy composites.   The experimental data are tabulated in Table 7-3 and shown 

partially in Figure 7-1.   The information on specimen characterization and measurement 

condition is given in Table 7-2.   Most of the date are for composites with epoxy content 
of around 50 volume percent.   The variation in the reported thermal conductivity values 

is quite substantial.   Furthermore, the data by GiAe [116] (curves 1 and 2) and by 
Hertz et al. [117] (curve 19-22) show different temperature dependences.   The provisional 
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values tabulated in Table 7-1 and shown in Figure 7-1 are for a composite with 50 volume 
percent epoxy content.   These values are based on the data of Knibbs et al. [146] (curves 
7-18) and of Hertz et al. [117] (curves 19-22).   Their uncertainty is estimated to be 
±S8£ 

. 
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TABLE 7-1.   PROVISIONAL THERMAL CONDUCTIVITY OF GRAPHITE 
FIBER EPOXY COMPOSITE 

[Temperature, T, K; Thermal Conductivity, k, W cm"1 K'1] 

k 

T 50 volume percent epoxy 

a b 

50 
100 
150 
200 
250 

273 
300 
350 
400 

0.039 
0.057 
0.073 
0.087 
0.099 

0.105 
0.111 
0.122 
0.130 

0.0032 
0.0046 
0.0058 
0.0068 
0.0078 

0.0082 
0.0087 
0.0096 
0.0105 

a Heat flow parallel to fiber direction. 
b Heat flow perpendicular to fiber direction. 
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b.   Specific Heat 

There are five sets of experimental data available for the specific heat of graphite 
fiber epoxy composites.   The information on the specimen characterization and measure- 

ment condition for each of the data sets is given in Table 7-5.   The experimental data 

are tabulated in Table 7-6 and partially shown in Figure 7-2.   These data sets cover the 

following types of composites: 

HT-S/X-904  (curves 1, 4, 5), 
GY-70/X-904  (curve 2), and 

GY-70/HM-S/X-904  (curve 3). 

The provisional values generated as discussed in the following sections are for well 
cured and thermally stable composites.   The resin content of each composite is given 

together with the specific heat values. 

HTS/X-904 Composite 

The provisional values tabulated in Table 7-4 and shown in Figure 7-2 are based 
on the measurements of Hertz, Christian, and Varias [117] (curve 1).   These values 
are considered accurate to about ± 10$. 

GY-70/X-904 Composite 

The provisional values tabulated in Table 7-4 and shown in Figure 7-2 are based 
on the measurements of Hertz, Christian, and Varlas [117] (curve 2).   These values 

are considered accurate to about ± 10)(. 
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TABLE 7-4.   PROVISIONAL SPECIFIC HEAT OF GRAPHITE FIBER 
EPQXY COMPOSITE 

[Temperature, T, K; Specific Heat, C , cal g"1 K"1] 

T 
c» 

GY-70/25 percent X-904 HT-S/28 percent X-904 

100 
150 
200 
250 
273.15 

293 
300 
350 
400 
450 

0.082 
0.118 
0.152 
0.186 
0.202 

0.214 
0.219 
0.252 
0.284 
0.315 

0.079 
0.117 
0.155 
0.192 
0.208 

0.222 
0.228 
0.263 
0.297 
0.329 
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c.   Heat of Fusion 

No experimental data for the heat of fusion of graphite fiber epoxy composites 
were located in the literature.   Most of the epoxy resins In their pure state are liquid 
above room temperature.   The choices of a specific resin, a specific curing agent and 
curing mechanism are based on the considerations such as end use, curing conditions, 
cost, and the specific properties desired in the cured resin.   The softening point of 
cured epoxy resin is near 450 K.   No experimental data for the heat of fusion/softening 
of cured epoxy resin and for the heat of fusion of graphite were located in the literature. 
Graphite sublimes without melting at atmospheric pressure.   Leidler, Krikorian, and 
Young [147] reported a value of 2500 cal g-1 for the heat of fusion of carbon at the triple 
point, 4600-4800 K and 48000 atm. 
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d.   Thermal Linear Expansion 

There are 154 sets of experimental data available for the thermal linear expansion 

of graphite fiber epoxy composites.   The information on the specimen characterization 
and measurement condition for each of the data sets is given in Table 7-8.   The exper- 

imental data are tabulated in Table 7-9 and partially shown in Figures 7-3A through 7-3E. 

These data sets are for unidirectional, cross-plied, angle-plied, orthotropic, and pseudo- 

isotropic laminates and cover the following types of composites: 

Courtaulds HMS/Hercules 3002 epoxy (curves 3-11), 
Courtaulds HTS/ERLA 4617 epoxy (curves 92-94), 

Courtaulds HTS/Faberlte X-904 epoxy (curves 107-126 and 151-154), 
Modmor I/ELRB 4617 epoxy (curves 104-106), 
Modmor n/Narmco 5206 epoxy (curves 12-17), 

GY-70/CRC 350A epoxy (curves 18-37), 

GY-70/Faberite X-904 epoxy (curves 95-98 and 127-137), 
Gy-70/HMS/Faberite X-904 epoxy (curves 139-150), 
Thornel-25/Epon 815 epoxy (curves 60-63), 

Thornel-50/Epon 815 epoxy (curves 56-59), 
Thornel-75/Epon 815 epoxy (curves 52-55), 
Thornel-75S/ELRB 4617 epoxy (curves 101-103), 
Hercules HTS/Bloomingdale BP-907 epoxy (curves 65-68), 

Hercules HTS/Hercules 3002 epoxy (curves 69-81), 

Hercules HMS/Hercules 3002 epoxy (curves 82-89), and 
Hercules HMS/Bloomingdale BP-907 epoxy (curves 90 and 91). 

Although several data sets are available for each type of composites, it is 

practically impossible from the available limited information to separate out the con- 
tributions of individual factors affecting the thermal expansion of composites.   These 
factors include the type of fiber used, namely high modulus or high tensile strength, 

type of epoxy, fiber to epoxy ratio, curing process, and tendency of graphite fiber epoxy 

composite to absorb moisture.   Most of the data sets do not show a reasonably stable 
thermal expansion behavior after one or two thermal cycles.   Nakamura and Larsen 
[1191 and Freeman and Campbell [1481 from their extensive investigations have attri- 

buted this unstable expansion behavior to the absorption of moisture by the composite 

material.  Thus the variation of thermal expansion from material to material may be 
due to one of the above reasons, tha absorbed moisture being a major factor.   A knowl- 
edge of the exact nature of these effects is required by the designer when these advanced 
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materials are used in structural applications under various environmental conditions. 
For these and other reasons, it is practically impossible to dvive the most probable 
values which can be applied to composites in general. 

The thermal expansion behavior of graphite fiber epoxy composites can be 

summarized as follows.   The high modulus graphite fiber/epoxy composite has slightly 
lower thermal expansion that the high tensile strength graphite fiber/epoxy compostte. 

The experimental results for the complex construction composites indicate that it is 
feasible to tailor the laminate orientations, fiber modulus, and fiber volume in a man- 

ner that will provide a structure with exceptional two dimensional thermal stability (i.e., 
low expansion) over a wide temperature range.   The phenomenon of unstable expansion 

behavior relates to the absorption of moisture by fiber reinforced epoxy composites is 

significant. 

The provisional thermal expansion values generated as discussed in the following 
sections are for the moisture-free composite and are based mainly on the data for stable 

thermal cycle for a given composite.   The values are given for unidirectional and pseudo- 

isotropic laminates along fiber orientation and thickness direction.   The thermal expan- 
sions of composites with high modulus graphite fiber and with high tensile strength graphite 

fiber are treated separately below. 

High Modulus Graphite Fiber Epoxy Composite 

(1) Unidirectional Fiber Orientation - Longitudinal 

The provisional values tabulated in Table 7-7 and shown in Figure 7-3A are 
derived primarily from the measurements of Nakamura and Larsen [119] (curves 3-6), 
and of Freeman and Campbell [148] (curves 84, 85, and 90).   Thermal expansion data 

of Kalnin (1451 (curves 34 and 35) and of Freeman and Campbell [148] (curve 82) show 

unusually high contraction at temperatures above 293 K, and this may be dus to the ab- 

sorbed moisture by their composite specimens.   The provisional values are for cured 
and moisture-free composite with high-modulus unidirectional graphite fibers (fiber 

modulus 50 to 70 x ID6 psi).   The modulus of epoxy is 0.5 to 0.7 x 106 psi, the fiber 

content is 50-60 volume percent, and the thermal expansion is along the fiber orienta- 
tion direction.   The uncertainty of the values is within ±20%. 

(2) Unidirectional Fiber Orientation - Transverse 

The provisional values tabulated in Table 7-7 and shown in Figure 7-3B are 
derived primarily from the measurements of Nakamura and Larsen [119] (curves 7-10), 
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Kalnin [145]  (curves 36 and 37), Knibbs and Morris [149] (curve 44), Freeman and 

Campbell [148] (curves 83, 86, and 91), and of Goggin [150]  (curves 103 and 106). 
These values are for cured and moisture-free composite with high-modulus unidirec- 

tional graphite fibers (fiber modulus 50 to 70 x ID6 psi).   The fiber content is 50-60 

volume percent, the epoxy modulus is 0. 5 to 0.7 x 106 psi, and the thermal expansion 

is along the fiber thickness direction.   The uncertainty of the values is within ±20%. 

(3) Pseudo-Isotropie Fiber Orientation - Along Fiber Plane 

The provisional values tabulated in Table 7-7 and shown in Figure 7-3C are 

derived primarily from the measurements of Nakamura and Larsen [119] (curve 11), 

Kalnin [145]  (curves 18 and 19), and of Freund [151]  (curve 95).   Thermal expansion 

data of Freeman and Campbell [148]  (curve 87) are considerably higher which may be 

due to the variation in the fiber orientation and experimental condition.   The values are 
for cured and moisture-free composite with high-modulus pseudo-isotropically oriented 

graphite fibers (fiber modulus 50 to 70 x 106 psi).   The epoxy modulus is 0.5 to 0.7 x 10G 

psi, the fiber content is about 50 volume percent, and the thermal expansion is along 

the fiber plane.   The uncertainty of the values is within ±20%. 

High Tensile Strength Graphite Fiber Epoxy Composite 

(1) Unidirectional Fiber Orientation - Longitudinal 

The provisional values tabulated in Table 7-7 and shown in Figure 7-3D are 

derived from the measurements of Freeman and Campbell [148] (curves 69 and 70). 

Thermal expansion data of Nakamura and Larsen [119] (curve 16) and of Freeman and 

Campbell [148] (curve 65) show unusually low contraction at temperatures above 293 K, 

possibly due to absorbed moisture.   The values are for cured and moisture-free com- 

posite with high-tensile-strength unidirectional graphite fibers (fiber modulus 30 to 

40 x 10* psi).   The epoxy modulus is 0.5 to 0.7 x 10* psi, the fiber content is 50-60 vol- 

ume percent, and the thermal expansion is along the fiber orientation direction.   The 
uncertainty of the values is within ±25%. 

(2) Unidirectional Fiber Orientation - Transverse 

The provisional values tabulated in Table 7-7 and shown iif>Figure 7-3E are based 

on the measurements of Nakamura and Larsen [119] (curves 13-15), Knibbs and Morris 
[149] (curve 51), and of Freeman and Campbell [148] (curves 66, 68, and 72-74). 

These values are for cured and moisture-free composite with high-tensile-strength uni- 

directional graphite fibers (fiber modulus 30 to 40 x 10* psi).   The epoxy modulus is 
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0.5 to 0.7 x 106 psi, the fiber content is 50-60 volume percent, and the thermal txpansion 

is along the fiber thickness direction.   The uncertainty of the values is within ±231o. 

(3) Pseudo-Isotropie Fiber Orientation - Along Fiber Plane 

The provisional values tabulated in Table 7-7 and shown in Figure 7-3C are based 
on the measurements of Nakamura and Larsen [119]  (curve 17),   These values are for 

cured and moisture-free composite with high-tensile-strength pseudo-isotropically or- 

iented graphite fibers (fiber modulus 30 to 40 x 10c psi).  The epoxy modulus is 0. 5 to 

0.7 x 106 psi, the fiber content is 50 volume percent, and the thermal expansion is along 
the fiber plane.   The uncertainty of the values is within ±25%. 

The values of the instantaneous coefficient of thermal linear expansion, a, for 
the above composites are obtained by differentiation of empirical equations which are used 
to fit the provisional thermal linear expansion values, with resulting values slightly ad- 

justed in order to be consistent with the general shape of the expansion curve.   The un- 
certainty of these values is about ±25%. 
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TABLE 7-7.   PROVISIONAL THERMAL UNEAR EXPANSION OP 
GRAPHITE FIBER EPOXY COMPOSITES 

[Temperature, T, K; Linear Expansion, AL/LQ, %; Coefficient of Expansion, a, 10~* K"1] 

a.   High Modulus Graphite Fiber Epoxy Composite 

Unidirectional Fiber Orientation Pseudo-Isotropie Fiber 
Orientation 

T Longitudinal Transverse Along Fiber Plane 

AL/L0                a AL/L0 a AL/L0               a 

75 -0.564 19.4 
80 -0.555 19.6 
90 -0.535 20.1 

100 0.0124            -0.8 -0.515 20.6 
150 0. 0086            -0.7 -0.405 23.3 

200 0.0052             -0.6 -0. 280 26.6 
250 0.0022             -0.6 -0.138 30.4 -0.0011              0.2 
273.15 0.0010            -0.5 -0.066 32.3 -0.0006              0.3 
293 0.0000             -0.5 0.000 34.0 0.0000             0.4 
300 -0.0004             -0.5 0.024 34.6 0.0003             0.4 

350 -0.0027             -0.4 0.209 39.4 0.0025             0.5 
400 -0.0042             -0.3 0.419 44..' 0.0049             0.5 
450 -0.0054             -0.2 0.656 50.4 0.0069             0.5 

b.   High Tensile Strength Graphite Fiber Epoxy Composite 

75 0.0080 -0.4 -0.442 15.8 
80 0.0078 -0.4 -0.434 16.0 
90 0.0074 -0.4 -0.418 16.3 

100 0.0070 -0.4 -0.402 16.6 
150 0.0051 -0.4 -0.314 18.5 

200 0. 0033 -0.4 -0.216 20.5 
250 0.0015 -0.4 -0.106 23.4 -0.00^0 0.4 
273.15 0.0007 -0.3 -0.050 24.8 -0.0010 0.5 
293 0.0000 -0.3 0.000 26.1 0.0000 0.6 
300 -0.0002 -0.3 0.018 26.5 0.0004 0.6 

350 -0.0020 -0.3 0.160 30.0 0.0037 0.7 
400 -0.0036 -0.3 0.319 33.9 0. 0073 0.8 
450 -0.0052 -0.3 0.500 38.2 0.0110 0.8 
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e.   Thermal Diffusivity 

There are no experimental data available for the thermal diffusivity of graphite 
fiber epoxy composites. 

In view of the difficulty of establishing the recommended values for the thermal 

conductivity, and of the fact that the thermal diffusivity of a composite is not a well- 

defined quantity, the calculation of the thermal diffusivity from specific heat, thermal 
conductivity, and density values has not been carried out. 
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