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AN ULTRASONIC MEASUREMENT SYSTEM FOR THE 
PRECISE DETERMINATION OF THE ELASTIC 

MODULI OF SINGLE CRYSTALS 

by 

C. J. Renken 

The measu remen t of the ul t rasonic wave veloci t ies 
in a sufficient number of known direct ions in a single c rys ta l 
makes possible the di rect computation of the elast ic moduli 
of the c rys ta l . For specimens having l inear dimensions on 
the order of 2 to 3 mm, phase comparison techniques have 
been found useful. The equipment descr ibed in this paper is 
based on the technique developedby McSkimin.l V The m e a s 
urement sys tem is actually a type of acoustic in te r fe romete r 
adapted to smal l solid specimens , and it r equ i re s special ized 
electronic equipment which cannot be purchased off the shelf. 
Therefore it was decidedto design and construct this sys tem 
to include the features of convenience and flexibility n e c e s 
sa ry in a permanent piece of equipment. 

I. Fea tu re s of the System 

Figure 1 shows a block d iagram of the sys tem. Briefly, radiofrequen-
cy (rf) pulses of a known frequency a re generated and converted into p r e s s u r e 
var iat ions by a quartz c rys ta l . These p r e s s u r e waves propagate down a fused 
quartz or c rys ta l quar tz buffer rod toward the specimen. The couplant b e 
tween the buffer and specimen t r ansmi t s partof the energy into the specimen; 
most of the remaining energy is reflected back from the buffer-couplant-
specimen interface. The oscil loscope presenta t ion with no specimen presen t 
appears as shown in F igure 2a. The energy travel ing in the specimen is r e 
flected back and forth between the specimen faces. During each round t r ip , 
par t of the energy is t r ansmi t t ed back through the couplant into the buffer rod. 
At d iscre te frequencies, the pat tern appears as shown in Figure 2b. When 
this occurs , the specimen waves a re al l in phase, but out of phase with the 
interface reflection. The velocity of propagation is given by 

2tf 
^ ~ n + (7/360) 

where 

f = frequency 
t = specimen thickness 

n = number of waves 
7 = couplant correc t ion . 
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SPECIMEN r z_\ 
BUFFER 

QUARTZ 
CRYSTAL 

GATED 
HARMONIC 

GENERATOR 

MASTER 
OSCILLATOR 

10 MC 
COUNTER 

GATE 
GENERATOR 

VARIABLE 
ATTENUATOR 

I F 
AMPLIFIER OSCILLOSCOPE 

F i g u r e 1 

Block D i a g r a m of the S y s t e m 

1»' REFLECTION 

Z'"' REFLECTION 

F i g u r e 2a 

An I d e a l i z e d O s c i l l o s c o p e P r e s 
en ta t ion When No S p e c i m e n Is 
Coupled to the Act ive A r e a of 
the Buffer 

F i g u r e 2b 

An I d e a l i z e d O s c i l l o s c o p e P r e s 
en ta t ion When the Spec imen 
Waves A r e All in P h a s e , But out 
of P h a s e wi th the In t e r f ace 
Ref lec t ion 

The couplan t c o r r e c t i o n m a y be d e t e r m i n e d f r o m a knowledge of the 
magn i tude of the i n t e r f a c e r e f l ec t i on and f i r s t r e f l ec t i on f r o m the far end of 
the s p e c i m e n as they a p p e a r at the q u a r t z c r y s t a l end of the buffer . T h i s 
w a s shown in an a n a l y s i s m e n t i o n e d in Appendix B of Ref. 1. The c o r r e c t 
n e s s of th i s a n a l y s i s h a s been c o r r o b o r a t e d , a n d d e t a i l s a r e given in the 
Appendix of th i s r e p o r t . 

II. C i r c u i t Des ign F e a t u r e s 

A. Gate G e n e r a t o r Sect ion 

The c i r c u i t d i a g r a m of the ga te g e n e r a t o r s e c t i o n is shown in F ig
u r e 3. A r a t e g e n e r a t o r t r i g g e r s a t h y r a t r o n which p r o d u c e s the t r i g g e r 
p u l s e s for the o s c i l l o s c o p e and the ga te g e n e r a t o r . The ga te g e n e r a t o r 
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p r o d u c e s a s q u a r e p u l s e wi th a r i s e t i m e of 0.1 / isec and a decay t i m e of 
0.3 Msec. The d u r a t i o n of t h i s pu l s e can be v a r i e d f r o m 1 to 50 Msec. The 
gate pu l se is power a m p l i f i e d and a p p e a r s a t the output of th i s s e c t i o n a s a 
s q u a r e pu l s e of 4 0 0 - v o l t a m p l i t u d e and wi th a p e a k power of 5 w a t t s . 

RATE GENERATOR TRIGGER GENERATOR GATE GENERATOR GATE AMPLIFIER 
200V 6SN7 884 6BQ7 6C4 

+ 500V 

F i g u r e 3 

The C i r c u i t D i a g r a m of the Gage G e n e r a t o r Sect ion 

B. M a s t e r O s c i l l a t o r 

The m a s t e r o s c i l l a t o r sec t ion , shown in F i g u r e 4, g e n e r a t e s the 
fundamenta l f r equency which con t ro l s a l l the l a t e r s t a g e s . High s t ab i l i ty 
and low h a r m o n i c output a r e the fundamen ta l r e q u i r e m e n t s . A h i g h - C 
H a r t l e y c i r c u i t i s u s e d b e c a u s e of the wide f r equency r a n g e which m u s t 
be c o v e r e d . T h i s i s fol lowed by two buffer s t a g e s which f i l te r out h a r m o n 
i c s and g e n e r a t e the power n e c e s s a r y to o p e r a t e eff ic ient ly the succeed ing 
h a r m o n i c g e n e r a t o r s . The tuned c i r c u i t s of the o s c i l l a t o r and buffer a r e 
a l l ganged with and t r a c k wi th the h a r m o n i c g e n e r a t o r s so tha t one shaft 
t unes eve ry th ing s i m u l t a n e o u s l y . 

C. The Gated H a r m o n i c G e n e r a t o r 

The ga t ed h a r m o n i c g e n e r a t o r s ec t ion shown in F i g u r e 5 p r o d u c e s 
the p u l s e s of rf e n e r g y which d r ive the q u a r t z c r y s t a l t r a n s d u c e r . Output 
is ava i l ab l e ove r a con t inuous f r equency r a n g e f r o m 16 to 144 m e g a c y c l e s 
p e r second . Th i s wide f r equency r a n g e i s useful to m i n i m i z e and eva lua t e 
d i s p e r s i o n due to the ef fects of d i f f rac t ion in the s m a l l s p e c i m e n s c u s t o m 
a r i l y a v a i l a b l e . 
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8-12 MC .001 500UHY 

.001 8-12 MC TO 24-36MC 
— O 

MULTIPUER 
GRID 

F i g u r e 4 

The C i r c u i t D i a g r a m of the M a s t e r O s c i l l a t o r Sec t ion 

The ga ted h a r m o n i c g e n e r a t o r i s d iv ided into two b a n k s . The f i r s t 
s tage doubles in the f i r s t s t age and e v e r y s t age t h e r e a f t e r to give 16-24, 
32-48 and 64-96 Mc; the s econd bank t r i p l e s in the f i r s t s t age and doubles 
f r o m then on to give 24 -36 , 48 -72 and 96-144 Mc. The h a r m o n i c g e n e r a t o r s 
a r e b e a m t e t r o d e s type 5763, ga ted in the s c r e e n c i r c u i t . The ga te p u l s e 
a l t e r n a t e s f r o m one bank to the o the r a s the v a r i o u s r a n g e s a r e t r a v e r s e d . 

When a s t age i s d e l i v e r i n g output to the c r y s t a l , the ca thode of the 
succeed ing s t age i s he ld above g round to avoid loading down the work ing 
s t a g e . T h e s e funct ions a r e a c c o m p l i s h e d in t h e band swi tch . About 
5 wa t t s peak a r e ava i l ab l e to d r ive the q u a r t z t r a n s d u c e r on the top r a n g e 
(96-144 Mc) . The gat ing of the h a r m o n i c g e n e r a t o r s m u s t be excep t iona l ly 
effect ive. T h i s m e a n s tha t a s p e c i a l effor t m u s t be m a d e to k e e p o s c i l l a t o r 
h a r m o n i c s out of the t ank c i r c u i t of the h a r m o n i c g e n e r a t o r s ec t i on in u s e . 
This l e a k a g e m u s t be 80 db down f r o m the rf p e a k pu l s e a m p l i t u d e in a l l 
s t a g e s . 

D. The C o n v e r t e r Sect ion 

The c o n v e r t e r s ec t ion is shown in F i g u r e s 6 and 7. The r e f l e c t i o n s 
coming f r o m the ac t i ve a r e a of the buffer r o d a r e r e l a t i v e l y w e a k and m u s t 
be amp l i f i ed to be useful . 
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The Circuit Diagram of the Gated Harmonic Generator 
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Figure 6 

The Circuit Diagram of the Converter 
Section, 40-150 Mc 

»3K t*7p 24MC 

.002 

y_j'^T 

Figure 7 

The Type of Circuit Used for the 20, 30, 
and 36-Mc Conver ters 

This is accomplished by a set of tunable conver te rs operating over var ious 
frequency ranges , and a fixed frequency I .F. amplifier. The range from 
40 to 150 Mc is covered by a converter tuned by a sp i ra l inductuner; the 
range below this frequency is covered by severa l conventional conver ters 
using fixed L, var iable C-tuned c i rcu i t s . 
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Between the c o n v e r t e r and I . F . a m p l i f i e r i s i n s e r t e d a v a r i a b l e 
a t t e n u a t o r . A c c u r a t e c a l i b r a t i o n i s not n e c e s s a r y for the m e a s u r e m e n t of 
v e l o c i t i e s . The des ign i s s imp l i f i ed by the fact tha t the a t t e n u a t o r o p e r a t e s 
at a f ixed f r equency . 

E. The I . F . A m p l i f i e r 

The I . F . a m p l i f i e r and a t t e n u a t o r a r e shown in F i g u r e s 8a and 8b. 
The I . F . a m p l i f i e r m u s t ampl i fy the s i g n a l s f r o m the c o n v e r t e r to a l eve l 
suff ic ient for r e c t i f i c a t i o n . T h i s s t r i n g of a m p l i f i e r s i s d e s i g n e d to have 
suff icient bandwid th to p r e s e r v e the p r o p e r p u l s e shape and to r e c o v e r 
r a p i d l y when o v e r d r i v e n . 

6BJ6 CBJ6 < B J 6 

SO-238 

isoov 

F i g u r e 8a 

The C i r c u i t D i a g r a m of the 
I. F . A m p l i f i e r 

FIL. 6 .3VOC ONE SIDE OND. TO CHASSIS 

', 5db 

INPUT V ^ - ' i z d b 

20db«— 
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40db 

-wv-

V 

\ 

i\. 
150 150 

^AA» f W \ r 

J 300 300 

470 470 

-̂ A/v * v w — * 
24 

i 
\5dbn 

4&^ • 4*^—3 • 20db>»rrJi:i.~'Z>r 20db« g—VVA^-»-^\AA^ 
-- - >-->^—• > 30db T Mdb ^—^^S'r-^ -^ 

iA 4 )̂Ur-4Cui 1^4adb 4 q d b ^ i^e^JU-^Jl J ^^ ic 

l 2 d 9 V \ OUTPUT 

- • 2 0 d b 

30db 

F i g u r e 8b 

The C i r c u i t D i a g r a m of the I . F . A t t e n u a t o r 

file:///5dbn
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The initial rf pulse i m p r e s s e d a c r o s s the quartz c rys ta l may have an a m 
plitude 40 db or more above the f irs t echo. The I .F . section mus t recover 
completely from this overload before the a r r i v a l of the echo from the 
active a r e a of the buffer. The I .F. amplifier shown in the c i rcui t d iagram 
has a bandwidth of 4 Mc centered around 23 Mc. 

F. Buffer Rods 

The buffer rods used in this measu remen t sys tem a re essent ia l ly 
ul t rasonic delay l ines, which a r e thoroughly d iscussed in many publica
tions.(^) The a r e a of the buffer rod pa ra l l e l to the quar tz c rys t a l is 
usually a smal l square , approximately 2 m m on a side. It is formed by 
beveling the end of the buffer at a 30° angle to the plane of the active a rea . 
The only ul t rasonic energy reaching the specimen pas se s through the active 
a rea , which must be at least as smal l as the specimen in o rder for the 
analysis for the phase shift in the couplant to be valid. It might be men
tioned that ordinary domestic fused quartz is sat isfactory for frequencies 
below 60 Mc, but becomes increas ingly lossy above that frequency. Above 
60 Mc, #1 optical grade fused quar tz or equivalent should be used. It has 
been found that when m e a s u r e m e n t s a r e being made at high t e m p e r a t u r e s , 
ca re must be taken not to thermal ly shock the fused quar tz buffer because 
of the possibi l i ty of creat ing permanent s t ra ins in the ma te r i a l . If this 
happens, acoustic impedance discontinuit ies in the buffer will d is tor t the 
re tu rn echoes. This is especial ly obvious when the shear mode is being 
used. Annealing at 1100°C will usually r e s t o r e the usefulness of the buffer. 
Crysta l quartz buffer rods cut to match the cut of the quar tz t r ansducer a r e 
useful for low- tempera tu re m e a s u r e m e n t s . 

G. Couplant Mater ia l s 

It is always neces sa ry to use some substance to act as a coupling 
film between the active a r ea of the buffer rod and the specimen. Nonaq, 
which has lately gained favor among expe r imen te r s , has been found to be 
only par t ia l ly sat isfactory because it is somewhat hygroscopic and changes 
consistency during per iods of high ambient humidity. It has also been 
responsible for cor ros ion of cer ta in spec imens . Salol general ly produces 
seals so thin that they requ i re a large 7 correc t ion , and for this reason it 
has been avoided. Dow Corning Resin 276-V9 is very useful for room-
tempera tu re m e a s u r e m e n t s using both the longitudinal and shear modes . 
None of these m a t e r i a l s i s useful as a couplant at e levated t e m p e r a t u r e s . 
For m e a s u r e m e n t s at elevated t e m p e r a t u r e s , a mixture of calcium c a r 
bonate and sodium si l icate has been found to be sa t is factory. An aqueous 
solution of sodium si l icate with the calcium carbonate in suspension forms 
upon drying a solid which shows considerable p romise as a high-
t empera tu re couplant. Recently, m e a s u r e m e n t s were made on a single c r y 
stal of a zirconium, using both the shear mode and the longitudinal mode 
up to a t empera tu re of 755°C. At this t empe ra tu r e the solid couplant was 
sti l l performing sat isfactor i ly . It can be dissolved in water without 
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harming the buffer, nor has it damaged any of the specimens used so far, 
which include c rys ta l s of z i rconium and uranium. A couplant of the same 
general type has a lso been used on single c rys ta l s of sodium chloride and 
si lver chloride, but its action on these c rys ta l s was not mentioned.(3) 

H. Conclusion 

The equipment which has been descr ibed has shown itself to be sim
ple and convenient enough to allow p rec i se measu remen t s of wave velocity 
during a continuous rapid change of t empera tu re . It p o s s e s s e s sufficient 
power output and rece ive r sensit ivity to overcome effects of possible high 
ul t rasonic attenuation in the specimen. 
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Appendix 

Analysis for phase angle correct ion: 

BUFFER COUPLANT SPEGIMAN 

El 

E h - » -

-ii ,-

' ^ ^ F 

Figure 9 

An Idealized Drawing of the 
Buffer Rod Terminat ion 

F r o m t ransmiss ion line theory,i-*^) the impedance looking into the couplant 
from the buffer end is given by 

Zd = Zo 

where 

and 

[(Z^ + Zo)e^'^^ + ( Z r - ZQ) e''^^] 

[ (Zr+ Zo) e'^' - ( Z r - Z o ) e"'^'] 

(Zj. cosh 7I + ZQ sinh 7I) 

Zj. sinh 71 + ZQ c o s h 7 l 

The reflection from the buffer couplant interface is given by 

_ _ _ Zd - 2s 

b̂ = î Y^Tz; 

Ei = incident p r e s s u r e at the boundary 

Z(j - Zs 
~—^ 2 = reflection coefficient at this boundary for plane waves 

•̂  with the wave front para l le l to the boundary. 

In the determination of Zd, the quantity Zj- is considered a pure number, 
since we a re in teres ted at this point in the reflection occurr ing at the 
buffer couplant interface before the re tu rn of the reflection from the far 
end of the specimen. 

The wave traveling through the seal is given by 

I 7 x .y^i E, = f [(Zd+Zo)e '̂̂  + ( Z d - Z o ) e n . 

where 



a n d 

' - Zd ^ " Zs + Z, 

2 Z d 

Zs + Zd 

i s the t r a n s m i s s i o n coef f ic ien t a t t h i s b o u n d a r y . 

The quan t i ty E^ can be put into the f o r m 

2Ei 
E t = ———^- [Zd c o s h 7 x - Zo s i n h 7 x ] ; 

•^s "•" ^ d 

at the s a m e s p e c i m e n couplan t i n t e r f a c e , 

2Ei 
E t = -——=- [Z(i c o s h 71 - Zo s inh 7 I ] 

Th i s wave is p r o p a g a t e d down the s p e c i m e n and i s r e f l e c t e d f r o m the far 
wi th the r e f l e c t i o n coef f ic ien t 

Za - ^r „ ^ 

Za + Zr ~ ' 

w h e r e Zĝ  i s the i m p e d a n c e of a i r . 

A r r i v i n g b a c k at the s e a l , the e x p r e s s i o n for E^ i s g iven by 

Et = „ " ' [Zd c o s h 71 - Zo s inh 71] e'^'^^^s 
•^s ''" ^ d 

w h e r e 7s i s the p r o p a g a t i o n c o n s t a n t of the s p e c i m e n and Ig i s t h e l eng th 
s p e c i m e n . 

The i m p e d a n c e looking in to the coup lan t i s 

Zg c o s h 7I + Zo s inh 7I 

^ ^ ^ ^° Zo c o s h 71 + Zs s i nh 7I 

and the t r a n s m i s s i o n coef f ic ien t a t th i s b o u n d a r y i s 2 Z J j / ( Z s + ZJj) 
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F o r t h e w a v e p r o p a g a t e d b a c k t h r o u g h t h e s e a l , 

E t r 

U = 

( z ; i + Z o ) e ' ^ ^ + ( Z k - Zo) e"'^^ 

E t r , „ ^ Z J i E t 

•27.,1 
s s 

E 

t = "ZY ^""^ ^tr = ZTTZ^ 

- 4 E i [ Z d c o s h 7 d - ZQ s i n h 7 d ] [ Z c [ c o s h 7 I - Zp s i n h 7 I ] e 27s Is 

t r ( Z r + Z 'd) (Z3 + Zd) 

a t d = 1, w h i c h i s t he b u f f e r c o u p l a n t b o u n d a r y , 

- 4 E i [ Z d c o s h 7 I - ZQ s i n h 7 l ] [ Z d c o s h 7I - ZQ s i n h 7 I ] e 

^ t = ( Z r + Z ^ ) ( Z g + Zd) 

•27si! 

since 

E-

Z d - Zg 

Z d + Zg 

E^j, - 4 [ Z d c o s h 71 - Zo s i n h 7 l ] [ Z d c o s h 7 I - ZQ s i n h 7 I ] e 

E ^ ^ 

•27sii 

( Z r + Z i i ) ( Z d - Z s ) 

= - 4 

Zo c o s h 7 I + Zo s i n h 7I 

ZQ c o s h 7I + Zg s i n h 7 I 

c o s h 7 1 - Zo s i n h 7 1 
Zj . c o s h 7 I + ZQ s i n h 7 I 

Zj . s i n h 7 I + ZQ c o s h 7I 
c o s h 71 - Zo s i n h 71 - ^ s i s 's 

Z r + ZQ 
Z s c o s h 71 + ZQ s i n h 71 

Zo c o s h 7 I + ZQ s i n h 7 I 

A f t e r a c o n s i d e r a b l e a m o u n t of m a n i p u l a t i o n a n d u s i n g t h e i d e n t i t i e s 

Zj . c o s h 71 + ZQ s i n h 7I 
- Z< 

"° Z J . s i n h 7 1 + Zo c o s h 7I ^ 

c o s h ^ X - s i n h ^ x = 1 

2 s i n h X c o s h x = s i n h 2x 

t h e r e i s o b t a i n e d 

E t r •4 e •27si£ 

E b Z g Z j , 

^ s ^ 
j ^ +—^ . - - ] s i n h ' ' 71 + s i n h 271 

\ Z s • Zo I 

If t h e c o u p l a n t i s c o n s i d e r e d t o b e l o s s l e s s , t h e n 7I = j/31 a n d 

• 27s i s E t r 

E b 

-4 e 

Zs Z r / \ 

Zô  Z „ Z , s '- ' r ^ r 

Z g Z r ZQ Zg Z J . 

s \ , / ^0 
s i n ^ ^ l + j s i n 2/31 I — 

s 


