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THEORETICAL AND EXPERIMENTAL DETERMINATION OF MECHANICAL 

PROPERTIES OF SUPERCONDUCTING COMPOSITE UIRE*  \ 

W. H. Gray and C. T. Sunt 

ABSTRACT 

mprhffkl 3 mechanical The object of this research is to characterize ths 

properties of a composite superconducting (NbTi/Cu) wire in ter^ 

of the mechanical properties of each constituent material. For a 

particular composite superconducting wire, five elastic material 

constants were experimentally determined and theoretically calculated. 

Since the Poisson's ratios for the fiber and the matrix material 

„ere very close, there was essentially no (less than 1%)  difference 

among all the theoretical predictions for any individual mechanical 

constant. Because of the expense and difficulty of producing elastic 

constant data of 0.1% accuracy, and therefore conclusively determining 

which theory is best, no further experiments „ere performed. 

INTRODUCTION 

The object of tnis research is to characterize the mechanical 

properties of a composite superconducting (NbTi/Cu) wire in terms of 

the mechanical properties of each constituent material. In 1973, the 

Cryogenics Division of the National Bureau of Standards (NBS) published 

an interim report1 in which a preliminary investigation of the mechan- 

ical properties of a solenoid coil composite was made. The coil inves- 

tigated consisted of epoxy, fiberglass, and composite superconducting 

„ire. Both theoretical and experimental elastic constants were tabulated 

* This research was sponsored in part by the Engineering Researcn 
Institute, Iowa State University, Ames, IA 50011, and in part 
by the Energy Research and Development Administration under 
contract with Union Carbide Corporation. 

t Department of Engineering Sciences and Mechanics and Engineering 
Research Institute, Iowa State University, Ames, IA 50011. 
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for a typical piece of coil cut out of a small solenoid. Our report 

differs from this NBS work in that we consider only the mechanical 

properties of za  individual composite superconducting wire. 

The theoretical predictions and the experimental procedures to 

determine the effective elastic constants of the composite wire are 

described in the next two sections of this report. 

THEORETICAL INVESTIGATION 

Most of the analytical work for predicting the mechanical and 

thermal properties of fiber-reinforced composites in terms of volu- 

metric composition, geometrical arrangement of the fibers, and con- 

stituent material properties was done before 1970. There are five 

approaches to predict the micromechanical behavior of fiber-reinforced 

composites.* The essential characteristic of each is described below. 

1.1 SELF-CONSISTENT MODEL METHODS 

3 4 
This method was originally proposed by Hershey and Kroner for 

crystal aggregates, and was first employed by Hill to derive expres- 

sions for elastic constants. Hill modeled the composite as a single 

fiber embedded in an unbounded macroscopically homogeneous medium, 

subjected to a uniform loading at infinity. This uniform loading 

produces a uniform strain field in the filament which is then used 

• to estimate the elastic constants. A similar model proposed by Fröhlich 

and Sack for predicting the viscosity of a Newtonian fluid containing 

a dispersion of equal elastic spheres consists of three concentric 

cylinders,^ the outer one being unbounded. The innermost cylinder is 

assumed to have the elastic properties of the filaments; the middle 

one has the properties cf the matrix; and the outermost has the properties 

of the composite^ The solid is subjected to homogeneous stresses at 

infinity. The resulting elastic fields are determined, and then are 

* No attempt is made here to give a comprehansiva literature survey 
regarding this subject.  More references can be found in Ref. 2. 
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employed to predict the elastic constants of the composite. Applications 

of the self-consistent model methods can be found, for example, in 

Refs. 7-9. 

1.2 VAR1AT10NAL METHODS 

In this method, the energy theorems of classical elasticity are 

used to obtain bounds on the mechanical and physical properties of 

filamentary composites. The minimum complementary energy theorem 

yields a ?.ower bound, while the minimum potential energy theorem yields 

the upper bound. Using this approach, bounds for the elastic and 

thermal properties of composites have been obtained by many investiga- 

10-12 
tors. 

1.3 EXACT METHODS 

By assuming that the fibers are arranged in a doubly periodic 

rectangular array, a fundamental or repeating element can be estab- 

lished. The resulting elasticity problem can then be solved either 

by introducing a stress function using a series development, or by 

numerical techniques such as finite difference or finite element 

methods. Once the problem is solved elastically, the resulting elastic 

fields can be averaged to get expressions for the desired elastic con- 

stants. Typical applications of this method can be found in Refs. 

13-18. 

1.4 MECHANICS OF MATERIALS METHOD 

By making simplifying assumptions regarding the mechanical or 

thermal behavior of a composite material, the mechanics-of-materials 

expressions for the equivalent elastic or thermal constants of unidi- 

rectionally reinforced fibrous composite materials can be derived. For 

example, to determine the longitudinal Young's modulus, one assumes 

that the longitudinal strains in both the matrix and the fiber are the 

same; in order to determine the transverse Young's modulus, one assumes 

that transverse stresses in both materials are the same. This approach 



usually Is referred to as the "rule of mixtures." The "rule of mixtures" 

expressions for elastic moduli and thermal conductivities can be found in 

Refs. 19-21. 

1.5 THE HALP1N-TSAI EQUATIONS 

For designers, it is often necessary to have simple and rapid com- 

putational procedures for estimating the macromechanical properties of 

a fibrous composite. Such empirical formulas have been developed by 

Halpin and Tsai22 based upon modifications of the results discussed 

under approaches 1.1 and 1.3. By estimating the value of a factor 

which depends on the geometry of the inclusions, spacing geometry, and 

loading conditions, the composite elastic moduli can be approximated. 

Reliable estimates for this factor can be obtained by comparing the 

Halpin-Tsai equation with the numerical micromechanics solutions. If 

used appropriately, the Halpin-Tsai equation can yield very reliable 

results without elaborate calculations. 

All the above methods make the following three basic assumptions: 

(1) each constituent material behaves linearly elastically, (2) the fibers 

are straight (without twist), and (3) there are no residual stresses. 

For this investigation, we use several of the available theoretical equa- 

tions to predict the effective elastic mechanical properties of supercon- 

ducting composite wire. These equations are listed in Appendix I. 

In general, a superconducting composite wire may be twisted to 

minimize ac power losses in a superconducting magnet. Twisting of the 

wire violates an assumption implicit in the derivation of all the 

equations presented in Appendix I. However, we believe that this effect 

is small (see Appendix II), and for engineering purposes can be neglected. 

Other effects, such as inelastic behavior of the wire at higher loading 

levels, and residual stresses in the wire intrr-iuced during fabrication, 

may influence the results presented in this paper, and should be ana- 

lyzed more thoroughly. 

.•■.*■%..»•'. 
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EXPERIMENTAL DETERMINATION OF ELASTIC CONSTANTS ! 

Assuming the NbTi/Cu wire behaves like a transversely Isotropie J 

^er.-al, there- five elastic constants of significance. These 

constants are:  (I) Young's modulus along the direction of he f ber, 

E or E , (longitudinal Young's modulus), (2) major Poisson's ratio , 

vL or v11, (3) Young's modulus along the dire,cion normal to the fxber, 

E
L or E" (transverse Young's modulus), (4) minor Poisson's ratio, vT . ; 
ET °  22 v , .   r    „r- c Since the mate- 
or v„. and (5) longitudinal shear modulus, GL or G^. 

23' , „„ ... „ fiher direction are assumed to rial properties in a plane normal to the fxber direct 
,     j i.,o r nr G  can be determined ; 

be isotropic, the transverse shear modulus GT or G^ can 

from the isotropic relation 

ET (1) j 
GT = 2(1 + vT) i 

^e particular superconducting composite wire chosen for our experi- j 

ment was KRYO-210.^
3 This conductor has -^^^^^ \ 

10.16 m. by 5.08 mm with a copper matrix containing 2640 Nb-45 wt /. Tx > 

superconducting filaments. The copper to superconductor ratio xs 6 

The elastic constants which were used for the comparisons are tabul t ; 

be'ow. All elastic constant measurements were made at room temperature. [{ 

Cu 

NbTi 

123 

84 

0.345 

0.33 

45.7 

31.5 

* Registered trademark of Magnetics Corporation of America (MCA). 

t Tradenames of material are used in this report ^ ^^Jl^ 

available for the purpose. 

■ j 

Young's Modulus Shear^Modulus        jj 

Material .(GP?2—■ — 

1 
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2.1 EXPERIMENTAL DETERMINATION OF E., AND V 

Ej^ and v. can be determined from a simple tension test (see 

Fig. 1). The direction of loading is parallel to the fibers of the 

conductor. The longitudinal Young's modulus is ^.•ormined from a 0. 

vs c^  diagram where c^ is equal to the applied load divided by the 

cross sectional area of the specimen, and e. is the strain along the 

fiber direction of the conductor. Figure 2 represents an experimentally 

determined plot of this diagram for KRYO-210 superconductor showing a 

value for E^ of 119 GPa. A comparison of the theoretical prediction 

and the experimental data is shewn in Fig. 3 in this graph, as well as 

the four normalized comparison graphs which follow; the legend refers 

to the theoretical equations presented in Appendix I. Both equations 

predict the same behavior, which deviates approximately 3% from the 

experimental data. 

The major Poisson's ratio is determined from the slope of the e? 

VB e^ diagram during the same experiment, where e_ is the strain in 

either transverse direction. The experimentally determined value was 

0.347 (sec Fig. 4). The normalized plot (see Fig. 5) showing the 

comparison between theoretical prediction and experimental value again 

demonstrates little difference between theories with the experimental 

data differing from the predictions by about 2%. 

2.2 EXPERIMENTAL DETERMINATION OF E„ AND G,- 

E22 and G-.-J are determined from a test similar to that described in 

2.1 (see Fig. 6). The direction of the applied load is normal to the 

fiber axis. The transverse Young's modulus is determined from the a_ 

vs e2 diagram where a2  is the stress, and e2 is the strain in the direc- 

tion of the applied force. Figure 7 represents an experimentally deter- 

mined plot of this diagram for KRYO-210 superconductor showing a value 

for E22 of 122 GPa. The experimental data are compared to the theoretical 

predictions for E22 in Figure 8. An error of approximately 5% is observed. 

Analogously the minor Poisson's ratio, and therefore G2_, is deter- 

mined from an e^ vs z^  diagram. The experimental value for G— is 43.1 

GPa (see Fig. 9).  Figure 10 compares this data point with the 

u 
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, , «««»L WM»™« OF « U,»OITUDX»AL SHE.« «»> «u 

.-« rhe geometrical axis of the specimen.   A realistic sP 
to the geometric difficult and expensi^ 
a composite superconductor, however, would be very di"1' 

to fabricate. An alternate method to evaluate ^ experimentally 

^"Cr^dimensional anisotropic stress-strain relation, we 

have 

(2) 

ai. the axial strains of x« and z« axes. These lie 
where e0 and e0 + w/2  - x_axis respec. 
in the xz Plane and make angles 6 and 8  */2      _ 

tivelv Y is the shear strain of x' and z« axes, and 0Q, aQ + rJ2 
tively, Ye stresses respectively (see 
T in. the corresponding normal ana snear »i. 
T6 a" the .  m . E. (2) represents the compliance s .trix 
Fieure 11). The matrix [SJ xn Eq. UJ "H 

data obtained from strain gage rosette reading*. 

a      an ,, and T„ are given by 
°e* 9 + IT/2    ö 

a = o cos c. 
0   x 

• 20 n  ,„ = a sin u 
°0-HT/2    x 

T  = -0 sinöcos© 

(3) 

V 



where o^  is equal to the applied force divided by the cross sectional 

area of the specimen. The elastic compliances ?.., s",0, S_-, ?.,, ?„,, 
— *J-   JL*   «-^   io   Zo   - 

and S66 are related to En» E22» vl?» and Gi> by the following relations. 

11   Ell    VG12  ElJ E22 

?12 =fe + h2 " 4) Sin2GcOs20 " I11 <sin*9 + cosA°>      (5) 
■/ 

t 

?"= it+^' t)sin0cos3Q + (4 - £ -1)sin30cosO (7) 

?26 = (4+^ • 4)sin30cos0+("4 - *U" 4)sinOcos30 (8) 

?66
 " (4 + 4 + "4l " 4) sln23cos2<D + 25~ <sin^ + cos'°> (9) 

Since E^, E22, and v12 are determined from tests (2.1) and (2.2), and 

eQ» eg + v/2*  Y6' °9» °0 + n/2* and T0 are obtained either fron direct 
measurement by strain gages or from Eq. (3), the only unknown in Eq. (2) 

is G^2'    Thus G^„ can be computed from any onü of the three equations in 

Eq. (2).  Its value is found to be 44.8 GPa which is within 5% of the 

theoretical predictions (see Fig. 12). 

CONCLUSIONS 

The goal of this experiment was to determine which theory of com- 

posites best predicted the elastic mechanical behavior of a supercon- 

ducting (NbTi/Cu) composite wire. Examination of each elastic mechanical 

property reveals that all theories examined are capable of predicting 

experimental data to within 5%. 



Since the Poisson's ratios for both the fiber and the matrix serial 

„ere very close, there was essentially no (less than 1%) difference among 

all the theoretical predictions for any individual mechanical constant 

Lause of the expense and difficulty of producing elastic constan data 

within 0.1% accuracy, and therefore, conclusively determining which 

theory is best, no further experiments were performed 

in conclusion, for a superconducting composite wire, Kb.i/Cu, a 

simple, fast, and reliable engineering estimate of its elastic mechanical 

Savior can be made by using the "rule of mixtures." It is unnecessary 

to use one of the more rigorous theories. 
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NOMENCLATURE 

Symbol Definition 

E - Young's modulus 

G - Shear modulus 

V - Poisson's ratio 

K - Bulk modulus in plane strain 

V - Volume fraction 

f - Fiber material (NbTi) 

m - Matrix material (Cu) 

L - Composite material constants along the fiber direction 

T - Composite material constants along a transverse direction 

12 



< APPENDIX I 

This appendix presents the various theoretical equations which were 

used to predict the elastic mechanical properties for the superconducting 

composite wire studied in this report. Their alphabetic index refers to 

the legend on the particular graph where a comparison with experimental 

data was performed. Also included in this appendix is the reference 

in which these equations may be found. 

A program which numerically tabulates all of these equations is 

listed in Appendix III. 

13 
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1. Longitudinal Young's modulus EL 

(10) 

.    t 

!      (a) E, = E V + E,V, 
i      v '      L   mm   f f 

Source:    Reference 2 

<b>    EL "  (EmVm + EfVf) * 

E
m  (Dl - p

3
gl) + Ef(D2 - D4F2) 

*=      EmC°l- V+M°2- V 

Dx - 1 - V£ 

D3 = 2vf 

n 1 + Vf D2="T- 
m 

2Vf D4 " 2V - 
m 

+ v 

V V,EF + v.VE 
_    m £ f        £ m m 

Fl " VfE-V. + V E V 
iff        m m I 

(ID 

F2=~F1 m 

Source:    Reference 10 
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9.    Manor P"<"""'s ratio V] 

VfEfLl + VmVmL2 (12) 
<a>    VL = VfEfL3 + VmEmL2 

■   4-^(1-^+^(1 + ^ 

= (l - Vf - 2vf
2)vf 

= 2(l-Vm
2)vf+(l + Vm)vm 

Source:    Reference 10 

4 
L3 

0») VL = Vm + Vf 
Source: Reference 2 

(13) 
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3. Transverse Young's modulus E, 

(a) E„. = 
E,E 
£ ro 

t  E,V + E V,  ; £ m   m £  : 
a*). 

Source:    Reference 23 

l + <!>nvP 
(b)    E, 

I     1 - nvf    m (15) 

m 

l^+* 

$ = 2 for circular fiber 

4» = 2lj-l for rectangular fiber 

ET'EX 

Source:    Reference 2 

(c)    ET = 

Mf(2Mm + Gj - G  (Mc - M )V 
2lt-v   + (v     -AY]    

fV   m    V-VMf-Vvm 2 I1      Vf +^Vf -Vm)Vm        2Mm f G    + 2(M. - M )v  * I     ' m       m        V f        m' m 

(16) 

Mf = 2(1 - vf) m      2(1 - v ) 

Source: Reference 23 
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ET 
(d)    T 

fcm -(x-4#)4- rl-aV 
tan1 

(17) 

-.a(5j-i) 

Source: Reference 23 

(i, -v£)
2 

V, \ E  m   f / 
f * m 

<e) El " T +  E,  Ef  VI T   m   f   I  _L_i. 
V E 
m m 

+ 1 

(18) 

Source: Reference 23 
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4. Transverse shear modulus G„ 

r  2(1- v)    , 
(a)  GT (lower bound) - Gm 1 -       m VfA^ 

* m     i 
(15) 

where A,  Is obtained by solving the following 

equations 

Ai 

[p] < 

V 

>-< 

.B2, 

> 

0 

where P 

[Pi 

,.-l 

l.4Vm-3 

V, 3 - 2v 
t     ta 

4v -3 m 

V       V f       f 

2     V 
-2V^     Vf 

3 - 2v m 

•■ 

3 - 2v 

3 - 2v_ 

-2 

-3 

1 - 2v m 

1 

1 
1 - 2v m 

1 
1 - 2v m 

-i 
1 - 2v 

-1 

0 

a* 
G 

0 

-1 

3 - 4vf 
3^-2^ 

3 Gf/Gn, 
2vf - 3 

VCm 
3-2vf j 

Source:  Reference 10 
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(b)    C_  (upper bound)  = G 
T i-m£v! J 

«• in " 

and A, is obtained by solving 

(20) 

[R], 

'A1l 
r "\ 
1 

A2 0 

A3 

A° >■< 

0 

0 

h 0 

B2 0 
V»   J 

where 

[R] - 

3 - 2v«n Vf 

-1   1 
3 " 2\  Vf 

4v -3 m 
3 - 2v 

3 - 2v 

0  - 3 - 2v_ 

-3V 

2V 

-2 

-3 

f  1 - 2y 

-V, 
m 

f  1 - 2v„ n 

1 

1 
1 - 2v_ 

1 - 2v 

-1 
1 - 2v_ 

-1 

0 

-1 

3 - 4vf 

3 - 2vf 

3 Gf/Gm 
2vf - 3 

Gf/Gn, 
3 - 2v, 

Source:  Reference 10 
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2GjK    + G    V, + 2G GfV    + ". V  (G    + G_, 
U)    GT =    m 2G   /X    + G \ V, + 2G GCV    + .; V   k    + G 

ml m   ml £ m f m ID I n (21) 

Source: Reference 7 

(d)  G  (lower bound) = G+ (K + 2G V ) 
1      m m m 

Gc  - G   2G (K + G ) 
i   m    in m   m 

(22) 

Source: Reference 11 

(e) G_ (upper bound) = Gf + 
i    + *f+3_üf 

Gm-Gf      2Gf(Kf + Gf) 

(23) 

Source:    Reference 11 

-I 



21 

5. Longitudinal shear modulus GL 

G£ a + vf) + vB 

(a) GL 
_1 v + i + vf Gm      t 

m 

Source: Reference 10 

GfGm f m 
(b)  GL = VmGf + VfGn 

Source: Reference 23 

l + <t»nvf 

<c>   GL =   l - nv£ 
G<n 

'SA  for rectangular fiber 

(24) 

(25) 

(26) 

$ = 1 for circular fiber 

Source: Reference 2 

GL " GXZ 

14 
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2Gf - (Cf - G) V,. ...v 
(d)  G -—- - - -C <27> 

L  2G + (G, - C ) V  m m    I   m  m 

Source: Reference 10 

Vf 
(e) G (lower bound) - G + -—-— (28) 

m     1   , m 
C. - G   2G f   m    m 

Source: Reference 11 

V m 
(f) G, (upper bound) « G, + jp 

1   _ + f 

G - G,  2G, m   f    f 

Source: Reference 11 

* - C£ (w - 4Vf) + (Gm IT + 4Vf) 

Source: Reference 23 

(29) 

(g)    GLm^[L^L±M+Hu_h+vl (30) 

Gf  (rt + 4Vf) + (Gm it - 4Vf) 

HI  nittimiatmB+^mnmm-ituzr ■■ ii   n n   rnri mm    ■ i rr    i    -■      i n ml    i    i*  1I i n HIT,.* il JHUmaahViif', m n  -  i   i    m ft.tvi» «■■■'^.fl it C,iM.ii.'«JV*fc.ji%n'.fai -V 



APPENDIX II 

V^ney25 has investigated the influence of twist on graphite fibers 

in an epoxy natrix. He derived an equation for the reduction of the 

iongitudinal elastic Young's modulus for graphite as a unctionoh 

geometry of the fibers. This equation is directly applicable in 

mating how twisting affects a superconducting wire. 

If the initial and reduced moduli are E, and ER, respectively, then 

.25 
their ratio can be expressed as. 

^_     1 
EI  1 + 4TT2N2R2 , 

where NQ is the number of twists per centimeter and R is the radius * 

the fiber in centimeters. 

For the superconducting wire analyzed in this report, 

N = .132 cm"1 
o 

R » 3.17 x 10" cm, 

which yields 

1  -  1 e— - i. 
_2„2„2    , a. «67 x 10 " l+4ir2N2R2 1 + 6.87*10 

Clearly,  the Iffect of  twist for this superconducting wire can be 

neglected. 

23 
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C PROGRAM FIBERC.VIA 

C LAST UPDATE' ,,1APR?6 
C 
C «ÜTHOR: U. jl GRAYy ^ 

r OAK RtDGE NATIONAL LABORATORY 
C OAK RIDGE. TN. 37B38 

C LANGUAGE: DECf>YSTEM-IB. FORTRAN-18 

C SUBROUTINES REQUIRED: 

C    HINV - STANDARD IBM SCIENTIFIC SUBROUTIHn PACKAGE. 

C     IMPUCIT REAL «) 
BIMENSI0Ä.G).RES(6).Lt6).M(6).Ht6) 

• ffitfoN kLEM(cl',?WT<2).GLG1C7..GTGM(5). 
1 KTKM<4>.ETEM<5> 

DATA PI/3.1415926/ 
DATA 10RED.1QURT/5.5/ 

C BEGIN PROGRAM   FIBERC.VIA 

C OUERY THE USER FOR THE MATERIAL PROPERTIES 

,,     S»w!S£TF!B»C.VM DOCUMENTED IN 0RNL/TH-S33I'// 
"   I  'INPUT IN THE FOLLOWING ORDER:'/ 

2 • EF'FIBER YOUNGS MODULUS)'/ 
3 ' EH'MATRIX YOUNGS MODULUS/ 
4 • NUF(FIBER POISSONS RATIO)'/ 

!    : Sll ?iSE?KffiiÄ «^VARIABLES'/, 
REflD(IORED.lB)EF.EM.NUF.i;UM.VF 

IB F0RMAT(5F) 
969 CONTINUE 

C    CALCULATE THE SHEAR MODULtI 
GF-EF/(2.»<I.*NUF)) 
GM-EM/<2.»(I.*«UM)> _oarT(nM 

C    CALCULATE THE MRTRIX VOLUME FRACTION 
VM-l.-VF 

C    CALCULATE THE BULK MODULI! 
KF«F.F/'3.*U.-2.*NUF)> 
KM-EM/(3.*(1.-2.»NUM>) 

C CALCULATE THE FIBER-MATRIX RATIOS. 
GMGF»GfVGF 
GFGM-GF/GM 
EFEM-EF/EM 
EMEF-EM/EF 
GMEM-GM/EM 
KMGM-Krt^GM 
KFGF-KF/GF 
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KFGM-KF/GM 
C ECHO INPUT DATA 

URITEU0URT.2«» EF.EM.NUF.NUM.VF.GF.GM.EFEM.KF.KH.GFGM 
29     FORMATS/' INPUT DATfl'/V. 

I* EF • '.TIB. 1PE11.4./-. 
2* EM • '.TIB.IPEII.4.'. 
3* NUF • '.T1B.JPEI1.4./. 
4' HUM - *.T1B. IPE11.4./. 
5* VF • '.TIB.1PEII.4.S. 
6* GF - '.TIB.IPE1I.4.S, 
7'  GM • '.T18.1PE1I.4.'. 
8* EF/EM - '.T1B.1PEII.4.A. 
9* KF • *.Tie.|PEII.4.'. 
.* KM • '.TIB. 1PEI1.4.'.* GF/GM • ".TIB. IPEU.4) 

C 
C    THE EQUATION NUMBERS GIVEN  IN THE REST OF THIS CODE REFER 
C    TO ORNL^TM-5331 
C 
C    CALCULATE THE LONGITUDINAL YOUNG'S MODULUS 
C 
C    EQUATION 10 

ELEMU>-VF*EFEM+VM 
C   EQUATION II 

IF(VM.NE.B.B) GO TO 21 
ALPHA«1. 
GO TO 2B 

21 CONTINUE 
FI • <NUM*VF«€FEH*MUF*VH> /'(NUF«VF»€FEM4NUF«VM) 
F2-NUF«fI/NUM 
DW.-NUF 
D2-<l.+vF)/VM+f(UM 
D3-2.*NUF*NUF 
D4-2. *NüM»NUrt«VF AM 
ALPHA-DJ-D3»Fl*EFEtt*CD2-D4«F2> 
ALPHA»ALPHA/(D1-D3*£FEM*CD2-D4>> 

28 ELEMC2J-ELEMC »«ALPHA 
URITECI0URT.2S) 

25 FORMATC".'  LONGITUDINAL MODULUS'') 
C    OUTPUT DATA ON DATA FluE 

DO BB1 JM.2 
Bel ELEM(J)«ELEM(J)«EM 

DO 38 J-1.2 
JJ-J+9 
IRITECIOIÄT.24J JJ.ELEM(J) 

38 CONTINUE 
24 FORmT(lX.'EQU.   '. I2.4X. IPE1I.4) 
C 
C    CALCULATE THE MAJOR PCISSON RATIO 
c 
C    EOUATION  12 

M. 1 «2. *NUF*< 1. -NUM*NUM) «VF+NUM* (1. *NUM) «VM 
XL2»VF*n.-NUF-?.*NUF*NUF) 
M.3-2. »t 1. -NUrtWUM) *VF+( 1. +HUM) «VM 
WULTA«VF«EFEM*XL! ♦VM*NUM*XL2 
WULTC I) •XNULTA'<VF*EFEM*XL3+VM'W«.2> 

C   . 
C    EOUATION  13 

XNULTC2) •VF«NUF*VTWNUM 
U?ITE(IOURT. 225) 

225 FORMATC".'  MAJOR POISSONS RATIOV) 
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C    OUTPUT DAT« OH DATA FILE 
DO 31 J-1.2 
URITE(IOURT.24) JJ.W<ULT(J) 

31    CONTINUE 

CALCULATE THE TRANSVERSE YOUNG'S rOWLUS 

I    BWTWH^-l./CVIMItW) 
C 

ETEMC2W I .♦2.«€TA«VF)/U.-ETA*VF> 
C 

C 

C E0UAT10H IS        _NUF)) 
5tM./<2.*<l.-NUt1>> ,„, 
pWr-2.»Cl.-NUF*CNUF-NUro«W        „^-^y^ 

ETEM*3).PARTV(2.««tHGnEIH2.«C»f-»t1)«VI1) 

C   "UATIOH^ -<Et€F.t , 

GO TO 161 
168   CONTINUE 

ETEM<4> — t. 
161    CONTINUE 

C    E0UAT1ON l^^^^j^^p^p 
ETEMC5) •VtVEtHVF/EF-SO/'l VF«€F--VMyEm!.) 
ETEM(5).l.-'tETEm5)»€n) 

625 fatmTU?1' TRANSVERSE YOUNGS WDULUS'') 
C   OUTPUT DATA OH DATA FILE 

EHG-ArtAXKEF.EM) 
ELU-AMIHKEF.EM) 
DO BBS ■>•>.?' 

065 ETEM<J)-ETEM(J)«€»1 
DO 32 J-1.5 
{^TWCJI.BT.B«.0R4TH1tJ>.LT.HJI) CO TO 82 
URITE(I0URT.24)  JJ.ETEM(J) 
GO TO 32 

62 «JRITEUCL*>T.e3>  JJ OPPL1CA8LE') 
of FORMAT«'  fU<J.   '.12.     «>T APPLICRBLfc  J 
32 CONTINUE 

C   CALCULATE THE TRANSVERSE SHEAR rODULUS 

C   EOUATIOH 19 
C 
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BEGIN TO 
U(t. 
U(2. 
UC3. 
U(4. 
U(5. 
U(6. 
U(3. 
ÜC3. 
UC4. 
Ul5. 
UC6. 
Ul3. 
U(t. 
U(2. 
U(3. 
U<4, 
U(6. 
U(l. 
U(2. 
U(3. 
U(l. 
UC4. 
ü(2. 
UC6- 
U(5. 
Ü(l. 
UC2. 
U<1. 
U(4. 
U<2. 
Ui3. 
U<6. 
UlS. 
U(4. 
U(6. 
U(S. 

SET UP THE COEFFICIENT MATRIX 
I. 

V. ;i 
0. 
t. 

'B. i- 

!: 
-2. i 
-3. 
2. 
1. 
8. 
8. 

1. 
a. 
a. 
a. 
a. 
-I. 
I./VF 
-<3.-4.«NUM)/<3.-2.«NUM> 
Ui4.2>/vF 
-l./C3.-2.*NUM> 
-3.WK6.2) 
VFKVF 
-2.«ua.3) 
VF 
t./'(t.-2.»wuri) 
VF*U<4.4> 
U14.4) 
-U14.4) 
-GFGM 
<3.-4.*MUF)s(3.-2.**(UF> 
GFGtV(3.-2.»NUF) 
3.»U(6.6> 

71 
C 
c 

69 

STORE THE COEFFICIENT MATRIX INTO UINV 
DO 7! IH-1.6 
DO 7\  JH-I.6 
UINVtlH.JH)'U(IH.JH) 

FORMULATE RIGHT HAND SIDE 
A(l)-I. 
A(2)«B. 
fl(3)-8. 
A<4)-8. 
A<5>»8. 
ft(6)-e. 

INVERT THE COEFFICIENT MATRIX.    SUBROUTINE HINV IS THE STANDARD 
IBM SCIENTIFIC SUBROUTINE MATRIX  INVERTER. 

CALL MINV(UINV.6.D.L.M> 

IBTAIN THE SOLUTION VECTOR 
DO 69 MK-1.6 
REStMO-B. 
DO 69 ML»1.6 
RES(MK)«A<ML>«UINVCM<.MU+RES<f10 
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CTCH(l)-I.-2.»".-HUM>*^,*Es<4;(/0-"2-',HU,1J 

C EOUATION 26 

C BEGIN TO SET UP THE COEFFICIENT MATRIX 
UU.U-1. 
UC2.D-8. 
U(3.D-1. 
U(4.t)-8. 
U(5.I>«1. 
U<6.11-0. 
U(l.2)-t. 
U(1.3)«l. 
U<2.3>—2. 
U(3.3J—3. 
U(4.3)-2. 
U(l.-»)•!• 
U(l.S) — 1. 
U(2.5)-0. 
U(4.S)*a. 
U(5.5)-B. 
U(G.5)-e. 
U<1.6) — 1. 
ü(5.6)-e. 

U(4*.2) — i./t3--2.»MUM> 
U(3.2>»-3. »0(4.2) 
U<l!2)-(3.-4.»MUM)«ü{4.2) 
U<5.2>-U(3.2>/VF 
U(6.2)»U<4.2)/VF 
UC5.3)"3.*VF»VF 
U<6.3)-2.*VF«VF  _ 
U(2.4)-J.^d.-2.««<Ut1) 
b(3.4)-U<2.4) 
U14.4)—U(2.4) 
UC5.4>-VF«U(2.4> 
UC6.4) — Ü(5.4) 

a((i:i))^3^.^UF)^3.-2.«UF) 
U(4.6)-SFGtV(3.-2.»HJF) 
U(3.6>—3.*UC4.6> 

C STORE THE COEFFICIENT MATRIX INTO UINV. 
DO 81 IH-I.6 
DO 8t JH-1.6 

Bl     UINVCIH.JH)-U(IH.JH) 

C FORMULATE THE RIGHT HAND SIDE. 
ACO-8. 
ft(2)«a. 
A<3>«0. 
A(4)«e. 
A<5)-t. 
A<6>-8. 

C INVERT THE MATRIX. 
CALL MINV(UINV.6.D.L.H) 

C    OBTAIN THE SOLUTION VECTOR. 
DO 89 MKM.6 
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RESfMKJ-B. 
»0 69 M-t.6 

89 RES<MK)-ACML>»UINV(MX.nL)*«ESCrtO 
GT6MC2)-t.<'(l.*2.»CI.-NUH)/'M.-2.»t<UH>»VF««£SC4>) 

C 
C    EOUATION 21 

KMGMI-<KMGM+1.)*VF«2. 
GFGMI»CGFGM+1.)*VM»KHGM 
GTGMC -GFGM*KMGM1 +2. «GFGMWTWIFGM I 
GTGMC3) «GTGMCAKMGM1 +2. •CFGMOVM+GFGHI) 

C 
C   EQUATION 22 

GTGMC4) -l .♦VF/'C 1 .•CGFGM-1. WKMSM+2. )«VO'<2.«(Kn5fHJ.))) 
C 
C   EQUATION 23 

FRAC-< (KFGF+2. )*VF/'2.>''ICFGM*GFGM) + I ./•( J .-GFGM» 
lOe GTGM(5>-GFGM+VM/FRAC 

URITEUOuRT. 425> 
425 FORMAT(/V.'  TRANSVERSE SHEAR MODULUS*•) 
C    OUTPUT DATA ON DATA FILE 

DO 683 J-I.5 
803 GTGMCJ)-GTGM<J)«GM 

DO 33 J-t.S 
JJ-J+16 
URITEU0URT.24)  JJ.GTGMU) 

33 CONTINUE 
C 
C    CALCULATE TOE MINOR POISSON RATIO USING THE RULE OF MIXTURES 
C    TRANSVERSE YOUNG'S MODULUS AND EACH OF THE PREVIOUSLY CALCULATED 
C    TRANSVERSE SHEAR MODULI I. 
C 

E22-ETEMO) 
LRITF.U0ÜRT.79) 
DO 75 J-I.5 
JJ-J-HB 

C 
C   EOUATSOM ! 

POI23-CE22/'<2.»GTGM(J)))-t. 
IF(P0I23.LT.8.8.0R.P0I23.GT.8.5)  GO TO 76 
URITECI0URT.77)  JJ.P0I23 
GO TO 75 

76 URITE(I0uRT.78) JJ 
75    CONTINUE 
77 FORMATC* EQU. I USING EOU. *. I2.4X. 1PEI1.4) 
78 FORMATC EOU. I USING EQU. '.12.' NOT APPLICABLE*) 
79 FORMATC".' MINOR P01SSÜN3 RATIO'/*) 
C 
C CALCULATE THE LONGITUDINAL SHEAR MODULUS 
C 
C EQUATION 24 

GLGM(I)-(GFGM»CI.*VF)*VM)/'(GFGM«Vn+t.*VF) 
C 
C EQUATION 25 

GLGMC2)-!.•CVM+GMGF«VF) 
C 
C EOUATION 26 

ETA-VF»(GFGM-I. )/-(GFGM+l.) 
GLGMC3>-C1.+ETA)'U.-ETA> 

C 
C EOUATION 27 
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GLCH>«2.«CFGn-(GFGM-l.)«vM 
CL6f«4) -GLGttD/C2.*CGFGI1-l. >«VH> 

c 
C   EOUATION 26       ', 

FHflOt.'tCFGM-l.) 
CLGn(S) • 1. l*VF'(FRAC*VH/2.) 

c 
C    EOUATION 29 

«AC« I.'(1. -GFGTO ♦\^/'<2. «GFCID 
Q.cri(6) »GFcrnvrt/FRAC 

c 
C    EQUATION 38 

ALPHA-GFGrt>«C4.*VF*PI)*PI-4.»VF 
ALPHA«ALPHA/'CGFGn*<PI-4.-VF>4PI*4.«VF> __,    »...-,,. 
GLGH(7)-.5«((4.-PI*P1»«LPHA)^4.*4.««.PHAy{«Lf>HA*(4.-PI)*«»I)J 
UPITEUOl«T.  32S) 

32S FORMAT«". *  LONGITUDINAL SHEAR MODULUS*') 
C    OUTPUT DATA ON DATA FILE 

GHG«AMAXUGF.Gf1> 
GLU-AMINHGF.GM) 
DO 662 J-l-7 

M2 GLGH<J)-GLGH<J>»CM 
DO 34 J-1.7 

|F(GLGt1(J).GT.GHG.OR.GLGt1(J).LT.GtU) GO TO 85 
UtlTE(lOURT.24)   JJ.GLGfl(J) 
GO TO 34 

AS i*!TE(IOlPT.a3> JJ 
34 CONTINUE 
C 
C    MORE DATA 

UJITEdOuRT. 990) 
99« FORMAT«"'  »t»E DATA?*/' 

1 • INPUT EF.EM.NUF.NUtl.VF F0RMATC5F)*/ 
2 * NEGATIVE EF STOPS THE PROGRAM') 

READCIORE6.IB)EF.EM.NUF.NUM.VF 
1F(EF.GT.8.) GO TO 969 
STOP 
END 
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; FIGURE CAPTIONS 

i Fig. 1. Direction of loading for the determination of the longitudinal 
| Young's modulus and the major Poisson's ratio. 

Fig. 2. o. vs e. diagram for Kryo-210 superconductor. 

Fig. 3. Normalized plot of the longitudinal Young's Modulus versus 
volume fraction of the fiber (NbTi): In this graph, as 
well as th£ other normalized comparison graphs, the legend 
refers to the theoretical equations presented in Appendix I. 

v Fig. 4. e_ vs e. diagram for Kryo-210 superconductor. 

Fig. 5. Normalized plot of the major Poisson's ratio vs volume 
fraction of the fiber (NbTi). 

Fig. 6. Direction of loading for the determination of the transverse 
Young's Modulus and the minor Poisson's ratio. 

Fig. 7. a " vs e2 diagram for Kryo-210 superconductor. 
/ 
4 Fig. 8. Normalized plot of the transverse Young's Modulus versus 
* volume fraction of the fiber (NbTi). 

Fig. 9. e.. vs e, diagram for Kryo-210 superconductor. 

Fig. 10. Normalized plot of G_- vs the volume fraction of the 
fiber (NbTi). 

Fig. 11. Coordinate system for the determination of the longitudinal 
shear modulus. 

Fig. 12. Normalized plot of the longitudinal shear modulus vs volume 
fraction of the fiber (NbTi). 
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SUPERCONDUCTOR (NbTi) FILIMENT 

Figure 1 

.*„*k\wä&J*k*t».m IU.^-:— 

/ 



38 

\ 

50 

40  - 

S. 
S. 
I 

30 

20 
SLOPE «E^IISGPo 

10 

^t       i        i        i        iii        i  l__l  —  1       » 
100 200 

€,~ fJL. m/m 

Figure 2 

300 

i^.-,*-*-.-*.***.*-**?*;,.*--*?.^**,**.^—:■-...■„,.-•- j,^v-3.....3^.',^^,..--^J^^:arr lf^tf¥frir*'rT^rii:ri i"* riiiifrrinaTii MfT^^^^"^i^A'i,ttVtlr-n.-lirl-.. ■,.■,?.*?,.■'->*--tim* * -#--JI mniHMr'v;-' 



39 

ORNL OWG. 75-16576 

I.00 

Figure 3 



40 

20    40    60 100 200 
f,~ fJLm/m 

Figure U 

300 

  -•■■-— ■■   -■■ - rir-fTiriBi----'-'-VJ'—ntlfri Jli*,i i 



// 

41 

ORNL DWG.  75-16577 

O) 

^To 

O - R 
A - B 
it- KRTQ-210 

0.25 0.50 0.75 1.00 

Figure 5 



42 

SUPERCONDUCTING (NbTi) FILIMENT 

t± 
I 

m 
Figure 6 



A3 

SLOPE« Egg« 122GPo 

lOO 200 

Figure 7 



// 

A4 

ORHL DWG. 75-16575 

1.00 

Figure 8 



45 

I 
E 

I 
10 

w 

100 200 
€2~ /xm/m 

Figure 9 



46 

OHM   [)»(',.   o-lt>b/\ 

KOO 

Figure 10 



I 

47 

Figure 11 



48 

■'KM. DWr,.   7b-16b/4 

1.00 

Figure 12 



r 

«Sa 

fcfls 
'■■'$ m 

I 

;<n ^S;Evä*U^V'5ES*PPS3?Rr 


