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E V A L U A T I O N  OF THE COMPRESSIVE PROPERTIES OF A SPECIAL 3DQP

INTRODUCTION

The intent of this program was the evaluation of the

hoop and axial compr essive properties of two cylinders of
three dimensional quartz phenolic. Both cylinders were

manufactured by the C process/slat technique and both had
an Ar/At of roughly 0.7. Cylinder 6.1.4 was seven inches

in d iameter and cylinder 4.1.18 was approximately 14

inches in diameter.

Two basic specimen configurations were utilized .

One was the curved coupon as originally designed by
Southern Research Institute (SoRI) in the conduction of
the Composite Response Study (CRS). The other was a

somewhat shorter and thinner specimen with straight edges
and no reduced gage section. These will be referred to

as the SoRI design , and the rectangular design, respec-

tively ,  throughout this report. The resulting data
enabled a direct comparison of specimen types , as well
as the associated test techniques, to be made. This

prog ram was conducted under DNA Contract DNAOO1-75-C—0037.

TEST MATRIX

SoRI received 2 in. x 2 in. arcs from cylinder 6.1.4

from which hoop and axial specimens of the two design

types were machined . In addition specimens of the rect-

angular design were premachined and sent to S0RI. The

test matrix indicating the type and quantity of specimens

is shown in Table 1.

CUTTING PLAN

The cutting plan for excising the specimen blanks

from cy linder 6.1.4 is shown in Figure 1. From this

cylinder S0RI received the twelve arcs labeled S0RI 1 through

12. Arcs 1, 3, 6, 7, 9, and 11 were labeled for use in making

7 II 1 ).DltlO PAQI 
~ii.ilW
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circumferential spec imens and arcs 2 , 4, 5, 8, 10 and 12

were labeled for making axial specimens.

A f ter NDC of the a rcs , these were mach ined by S0RI

into specime ns per the fo1lo~iing table.

S ide One Side Two

C — i  1 SaRI 1 Circ 2 R e c t a n g u l a r  C i rcs 2

A-2 1 S0RI Axial —

C—3 1 SoRI Circ 2 Rectangular Circs2

A-4 1 S0RI Axial -

A-S 1 SoRI Axial 1 Rectangular Ax ial3

C—6 — 1 SoRI Circ

C—7 1 S0RI Circ 1 SoRI Circ

A-8 1 S0RI Axial 1 Rectangular Axial 3

C-9 — 1 S0RI Circ

A—b 1 S0RI Axial —

C—li 1 SoRI Circ 1 SoRI Circ

A-l2 1 SoRI Axial

~‘Refers to specimen design — see Test Tech-
ni que sec tion
2
Cons isted of four pieces — two from inside
and two from outside (labeled In and Out)

3
Labeled 5_AC_Rect* and 8_AC_Rect*

In addit ion, SoRI received six axial specimens of the
rectangular design pre—machined by the sponsor from the

segments directly below arcs 2, 4, 5, 8, 10 and 12 ,

wh ich were labeled 2—AC-- Rect , 4—AC—Rect , etc. The
remainder of the material was retained for further use

by the sponsor.

The c u t t i n g  p l a n  used by the sponsor for cylinder

4 . i . l c i  is  shown in Fi gure  2.  Of the specimens indicated,

SoRI received axial specimens A4 , A13, A19, A30 , and A39 ,

8
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7 i nd  hoop specimens 117 , Ff 16 , F f 2 4 , F f 3 2 , and H 3 3 .  In  addi-
tion , axi.il specimens A43 , A46 , A48 and A50 were machined

t rom the portion indicated as spare and sent to SoRI .

NONDESTRUCTIVE TES T TECHNIQUES

R a d i o g r a phy

Radiography was performed using state-of-the-art

X-ray techniques for low absorptive materials. The

r a d i o g r a phy un i t  is a R a d i f l o u r  360 m a n u f a c t u r e d  by
Torr X-Ray Corporation , ra ted for  opera tion f rom 0 to
120KV at e i the r  3 or 5 MA . A b e r y l l i u m  window and small
focal spot size (0.35mm) are two characteristics which

enable it to examine low absorptive materials with high

resolution and sensitivity . Radiographic sensitivity

using extra—fine grain film is less than two percent.

The twelve arcs from cylinder 6.1.4 were radio—

graphed simultaneously using a turntable technique before
machining into finished specimens. After machining , the
Sa RI design , the rectangular design , and the premachined
specimens were radiographed in groups of vary ing size.

All arcs and specimens were positioned with the axial

fibers parallel to the source to enable variations in

the circumferential fibers to be viewed . In addition the

SoRI design axial specimens were also X—rayed in the

circumferential direction.

Gravime tric Bulk Density

Bulk density was determined from direct measurements

of weight and dimensions . Weight measurements were made
on an analytica l balance having a sensitivity of +0.0001

grain . Dimensional measurements were made to the nearest

0.0005 inch using micrometers.

~ 
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The densities at the twelve arcs were determined

before final machinin q , while those of the addit ior~,i1

s;’ecimens received by SoRI were calculated for each

nd I v~ dua 1 specimen.

U l t r a s o n i c  V e l o c i t y

Acoustic velocity was measur ’d using t h i l  t h r o u g h —

r a n s mi s s i o n , elapsed—time techni que . In this method , an

electrical pulse originat ed in a ~ulse ~.‘nerater and was
app lied te  a ceramic piezo—electric crystal (SFZ) . The

pulse generated by this crystal was transmitted through

a short delay line and inserted into the specimen. The

time of insertion of the leading edge of this sound beam

was the reference point on the time base of the oscillo-

scope , which was used as a high speed stop watch. When

the leading edge of this pulse of energy reached the
other  end of the specimen , it was d i s p l a y e d  on the
os ci lloscope . The difference between the entrance and

exit time s was used with the specimen length in calcu-

lating ultrasonic velocity. Appendix B should be

consulted for a more extensive explanation of the

u l t r a s o n i c  ve loc i ty  technique .

For Arc s 1, 3, 6, 7, 9, 11, those from which hoop
specimens were to be machined , velocity was determined

in both the radial and circumferential directions. The

remaining arcs , designated for axial specimens , had -

velocity calcula ted in  the a x i a l  d i rec t ion only.

COUP ON COMPRESSION TEST TECHNI QUE

The bas ic compres sive tes t appa ratus had three
structural components : a sleeve , a lower grip, and an

upper gri p as shown in Figures 3 and 4 . The lower grip

restc’d on the fixed platform of a conventional loading

10
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r a r ne , w h i le t h e  u t u e r  ( i r i p  .-. i~~ loca~ i d  b t  w - n

spvciim ’n a;~~i ‘ be m o v i n ~ - r ’~~~;h i i .  A T i n i u s  O l se n  sc r ew—

d r i . ’ en c T ’ ; re s si~~n n , 1( - h i n e , w i t h  a r n i x ; u u r n  c a j ; i e l t  7 O f

:O , 00i p - w d s  ~; IS  used i f l  h i s  j r o dr  i n .  T h .~ - ippl ied l oad

w~~s mc: o r e l  direct from t b -  b u i l t — i n  lnad cell in th-

: - 1 i t t o r r .  o f  t h e  m a c h i n ~~. Pe i p e r i d i c u l a r  a l i - ; r : n ; e n t  at  t b -

i~i w - i ~ -~ nis~ -d by t h -  guidinc i ct  ion of the sleeve wh
f i t  s w~ t b i n  1). 001 1 n . ) r o un d  h~ upper  m d  -wor  q r in - .

Tb: s;~~ r i ;’ ’ r: w~~s fie ld i rm lv in p l i e  in precision inserts

w~, ich  w r ~ ’ b o l t e d  m t  t h e  gn i o s .  A x~~~arat e ~; t  of

i n s e r t s  w a s  c l e s i q r i e c i  o e x a c t l y m i t  -h - i -h  of  he f o ur

npeci n - r  c on f i q l lr a t l o i c -;  used.

SoRI A x i a l  .~~a- c  i r on  Con fi qu ri  t ion

Tb - i x i i l  c o mp r e s siv e  t - ~~t w as  u sed  to d et e i ni i ne the

a x i a l  corn ; r e s s iv e  m o d u l u s  and a x i a l  t i l t  i . m a t :  compressive

st  rerqth. The axial s[uc1n ~ ’n desi ire~d at SoRI ho ;~ n an
o- .n - r i l l  l en g t h  ~~ 2 i n .  w i t h  iLS in. x 0.6 in. x 0.7 in.

oa~~ - s e ct i o n  i s  shown in F i qu r e  5.  The i n s i d -  a n d  o u t si d e

r - i i i i  of the specirn~-r we re ~ip ; roxim ate l y the uime I S  the oriq—

iiiu l cylinder which a l~~~Iwe 1 t h e  c i r c u m;~~- r t n t i , i l  f i b e r s  t o

ron in i n t ~m - ’’ across the j~~~ue sect i o n  of the  s p e c im en .

Axial strain was measui - - i by two in l H ncent nyst - n ; : .

C l i p — e n s  and  s u r f i - ~ - s t r a i n  ca -n -S we ;  e m inuted on both

‘(F e of h spec iln ’ns ( S i - v  Fu;ure () . b - o h ~et of  iqi’~;

w as  -.~
- i r i d  i n  s e r i e s  m d  t he  s i q n m l  s f r o m  t i i ’h Wi-r e

n o n  i t ur (-d on m d  ivid iia 1 x — y  r e c or d e r s.  This  p rov ided  an
, ; J ;i d i i i  ~~- iridicat i o n  of t l i e  relat ly e  ,u - cu r a cy  ot  t h e  two

s t r a  n m c ’a su r i n c  t c ej i n  0 1 1 1 . ’ ; ; .

S0RI C i i  (- I1; r ; f e r e n t  i ml Specimen Confl jut a t  i o n

The SoRt circumferent i il stt-: ime n ( F i c j i i r i ’  7 )  was

to - i i a b l e  the di termi ni t ion ol ci i -uti ;t ereritial

H
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compress ive  m o d u l u s  n i t  i i ’  i - ’~~~ .• j ’ ! L  
~~~~~~~~~ n - a l l y ,  in s i  I. and

o u t s i d e  r a d i i  would have ~ . -.‘r .~~i i ~~- t - ~~1~~ , m , i -  tn.’ - I  in  o r der  t o  pro-

vide  a u n i f o r m  d i s t r i k  ~ i n  O t  c i  r m r~~~. - r .~ n ’  ‘ i i  i b~-r s .  H ow e ver ,

due t o  t ime  c o n s t r a i n t s , he ur  • - c i n i . - n s  ~~ - r • t - ~~n i r ; . ’ 1  - i - 1 - J : e f a t e

the 4 . 5  i n .  r a d i u s  h a r - I w  l i t -  - i . - - - I o j . - - t  or  f f i . ’  C1~3 pro-fram . This

change  f r o m  t h e  o p t i m a l  -1 ~- u i j n .1 - ‘~~~. -  t ;  r .x in.a .-ly urn- — i , m lf p ly

to “ n u n  out ” over the 1 .-n t h o m -

The loading apparatus wa S  I t o -  sam. - i;; ~s&’d in ‘he axi al

compressive test with t h i ’  n l t i  tion of - i l i t e r - i l  support arm.

As compressive loads were applied to the grips , the gage section

of the  specime n experienced both bending and axial compressive

loads. However , the support arm , which was inserted through a

cutout in the sleeve , was applied in a manner  wh ich negated the

bending effect. Clip-on gages on the inner and outer faces

co ntinuously monitored the disp lacements there .  By a d j u s ting the

support arm both displacements were maintained equal and the
stress in the gage sec tion was considered nominally uniform.
The modulus and ultimate strength were determined as though the

loading wer e simple uniaxial.

Again , both clip-ons and strain gages were mounted on the
edges of the specimen. Figure 8 shows a schematic view of the

overall instrumentation including a total of four clip—ons and

two su r f ace str a i n  gages per spec imen.

Rectangular Axial Specimen Configuration

The rectangular axial compressive specimen is shown in

Figure 9. It was tested in the same apparatus as described

above with a similar arrangement of clip—ons and strain gages

as described previously. Except for a miniaturized set of

cli p—on arms designed to f i t  the smal ler  specimen s ize , the

instrumentation (Figure 10) and recording procedures were iden-

tical to those used for the S0RI designed axial specimen.

Rectangular Circumferen tial Specimen Configuration

The rectangular designed circumferential specimen con-

sisted of two separate 1.00 in. x 0.300 in. x 0.150 in.

12
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pieces cut from a circumferential chord of a cylinder.

They we re mounted fa ce to face in the inser ts , wi th the
circumferential fibers from each “half—specimen ” bowing

towards the center (see Figure 11). This eliminated most

bending moment as the two halves tended to apply lateral

support to one another during compression. This specimen

is o f t en re fer red to as the “belly to belly” configuration.

The instrumentation was again similar to that de-

sc ribed be fore with a few mino r changes. The cl ip—ons
were moun ted on oppos ing sides of the spec imen ra ther
than on the edges. Furthermore , a sur face s t r a i n  gage

was located on each edge of each “half-specimen ” resulting

in a total of four gages per specimen (F igure 12). The

four gages were monitored two at a time until it was deter-

mined that riegli qible discrepancies occurred between the

signals. In subsequent testing all four gages were

wired together in series , producing one recorded signal.

NONDESTRUCTIVE CHARACTERIZATION OF 3DQP ARCS AN[’~ SPECIMENS

The twelve arcs received were examined using ultra-

sonic velocity, visuals and X—rays. The qrav ’motric

densi ty of each arc was also determined. Fo~ the ultra-

sonic da ta three points were meas u red in both the a x i a l
H and circ umferential directions at 0.25L , 0.5L and 0.75L

along the surface . In the radial direction five points

were measured , one at the center and one each at the

cen te r  of four quadrants. These data are shown in Table 2

which reports only the average of the velocity data for

each arc . Table 3 shows the d e n s i t y  va lues  for each of

the specimens from 4.1.18 and Table 4 shows the densities

of the six pre-machined specimens from 6.1.4. The average

I t
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d , i t a  t r  tb , b’nsjt’; of tb . arcs f rom ‘ .1.4 w a s  l.~ -85 m d i
i 

~mnd

t o r  t a o  n j e c i r n E ’I ; S  i r o n ;  4 . 1 . 1 8 , l . ( 2 5  in ; crY . The f i t  f .-ie nc e in

t h e  t e n s i t i e  s b e t w - - - n  t h e  cy l i n d e r s  pi - b I l y  w i n  r n - i  ~I S ~re~~t as

th i wo.~ i i n h  ca t i ’ s ince  the specimen ; f r o m  I . 1 . 18 came
t rot ;;  n - : m r  t t -  i n s i d e  of t b ’  n e .  S i m i l - t i  sp.- ciinorn ; taken

ad~~ic, ’n t  t a  t h e  ar c s  in  ~ .1. 4 had an a’:~-r a ;o d en s i t y  of
1. f62 tm/ n;: - . T i n -  a e i - r i j e  a- - l n cj t i m ’ s  o~ t he h .1. - a r c s  w er e

0 . 1 7 9 8 , 0 . 1809 , an d  0 . 19 3 7  i i a . / ~~si -C in th e  ax i a l , c ir c ur —
ferent r 1 and radi al directions , r e s p i-c t t v . ly .

J r  in t s  of  t h e  X — r a y s  of both  the specimens and  t h e

arcs are includi’d as F i q u r e s  13 throu ;}i 1. . h et ic e  the n at u r e
of t he  ci rcen;terert t ial  y a r n s , e spm: -c i a l l  y t o w a r ds  t h e  cen te r
on t h e  arcs f r o m  6 .1. 4 . This  b e n d i n g  and  wavinq of the

c ir c un i f e r - nt i a l  yarns was evident in the v i s u a l  examina-

t ions and is d o c a r n m ’n t e d  in  a 2 0X ph : - t omic rograph  in
Fiqure 17 . The mon tage  was t aken  t h r o u g h  the cente r of
the  arc  v i e w i ng  in the axial direction .

C(i-~ -H sb I V L T  Eh’i RLSULTS

The r e s u lt ; - of the compressive tes ts  are reported in

t a b u l a r  fo rm in  t erms  of three parameters — t a n g e n t  modu-
lus , ul runate stress , and ultimate strain. The modulus
fo r co-h specimen was determined by calculating the slope

of a t a n g e n t  to the l i n e a r  por t ion  of the s t r e s s — s t r a i n

curve . I n  many  ca ses a sl ight nonlinear portion of the
curve at low stress levels was ignored in the calculations .

S i n c e two independent strain measuring systems were
utilized , moduli values as determined f rom both cli p—ons
m u d  surface strain gages are reported . The strain—to-

failure (i~aLa are reported from clip—ons only ,  since strain

gages t yp i c a l l y give ambiguous r e su l t s  near  the end of the

run . The ultimate strain reported is the strain value

cor responding  to the u l t i m a te  s t ress .

11
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Tfie result s of the six axial compressive t- sts using

b - Sob d o u r  ; ra  a r e  sunun i r i Z OO ifl Table 5. The ~V0 rajo

t o - J u l -m r  w I s  2 .06  x l0~ p s i  ( c l i p— o n s )  and  2 .15 x lOi psi

( s t ra i n  g a ge s )  , the aver l ie s t r e ng t h  55 , 7 3 3  psi an d  ~he

averiqe s t r a t r : — t o — t a i l u r e  35 m i l s/ i n .  The c om p o s i t e
St  r O s s — s t  r a i n  cu rves  f r o m  t h e r e  s ix  runs  are  shown i n

Fi g u re s  t 8  -cad 19 (c l i p — e n  and  s t r a i n  g i p :-  - r a ~~u , respec—

L ’J . i - ly )  . b ej e a t a b i l i t y  is demons t r:t m - :  by the n a r r o w

• r m n c e  w i t h i n  w h i c h  al l  curves l i e .  I n d i v i d u a l  raw data

c u r v - s  - i r e  p rov ided  in A p p e n d i x  A.

‘ i b m -  r e su t t s  f r o m  the r e c t a n g u l a r  des ign  j x i i i  com-

p r e s s i v e  t e s t s  f rom cy linder 6.1.4 are  shown in Tab le  6.

The a v e r a g e  modulus  fo r  these eig h t  runs  was 1.17 X lO~

psi Patti r i i ’t :hod s)  . The average s t r e n g t h  was 52 , 338 psi
m d  the a v e r a J i - u l t im a t e  s t r a i n  28 mils/in. These data

~nc 1ude r e s u l t s  f rom two specimens w h i c h  were m a c h i n e d  at
S0RI f r o m  a rcs  5 and 8. O n l y  l i m i te d  s i g n i f i c a n c e  may l,e

at ~~r i r)u ted  to the  s l i g h t l y  h i g h e r  va lue s f rom these r u n s
due to i-he small samp le size. The composite stress—strain

curves  f r o m  t h e s e  e i g h t  runs  ar ia  shown in  Fi gures  20 and
21.

The r e s u l t s  f rom t h e  r e c t a ngu l a r  design a x i a l

c’em~;rm: - s s ive  t i n t s  on m a t e r i a l  f rom cy l i n d e r 4 . 1 . 1 8  are

shown in Table 7. The average modul i  f rom these nine

t e s t s  was s o f t e r  th in  t h a t  f o r  the 6 . 1 .4  m a t e r i a l , 1 .93

x 10 ” psi (cl i p—ons ) and 1. 86 x 10 b psi (s tra in gages)

The average s t r e n g t h  was less t h a n  that from 6.1.4 , 43 ,656

psi  and the u l t i m a t e  s t r a i n  was lower , 24 . 3 m i l s/ i n .  The

composite plot s for these runs are shown i n  F i g u r e s  22

and 23. Again , a very ti gh t envelope may be constructed

around the stress—strain curves.

The ci rcumferential compressive test data  us i ng the

15
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SoRI design specimen for material from cylinder 6.1.4

is g iven in Table 8. The average modulus , as ca lcu la ted

f r o m  the cl ip—on data was 3.54 x 10 6 psi and 3.78 x 10”

psi per strain gages . The ultimate strength was 75 ,050

psi and ultimate strain 23.7 mils/in. The composite plot
of the stress—strain curves is shown in Figures 24 and 25.

The rectangular design c i rcumferential data on
material from cylinder 6.1.4 is given in Table 9. These
were machined by S0RI from Arcs 1 and 3. One inner and

one outer specimen was obtained from each arc. The

average modulus using both iriners and outers was 3.77 x
106 psi (cli p—ons) , average strength , 59 ,050 and average
ultimate strain 17.3 mils/in. In this case the clip—ons

were attached to the faces rather than the edges of the

specimens. The average strain gage modulus measured was

3.61 x 106 psi. The distinction between the inner and

outer spec imens is evident , the inners being stronger
(average s t r eng th, 61 ,600 psi) than the outers (56,500
ps i)  and , perhaps , st i f fer (per clip—ons) . Notice that

the same trend exists for these data points as for the

SoRI design specimens , arc 1 was stronger but less stiff
than arc 3 (arc 3 was denser) . These comparisons will be

discussed f u r t h e r  la ter . The composite plot of the s t ress—

s t r a in  curves a r e  shown in Figures 26 and 2 7 .

The circumferential compressive data (rectangular

des ign  specimen) f rom cyl inder  4.1.18 are given in Table

10. The modul i data from the clip-on gages vary widely

due , apparently, to bending in some of the specimens.

Aga i n, the cli p-ons were mounted on the faces while the

strain gages were on the edges. The average modulus per

the clip-ons was 4.00 x 10” psi and per the strain gages
was 3.53 x 106 psi. The average strength was 63 ,420 psi

16
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and u l t i m a t e  stra in , 17.3 mils/in. The composite stress—

strain curves are shown in Figures 28 and 29. Evidence

of rela tively severe bending is obvious at low stress
levels for specimen H32—CC-Rect. The apparent negative

strain was verified by visual observation of the specimen
during the test. As the load was initially applied ,

slight gaps , which were observed visually, o;m’ned

be tween the two “half—specimens ” . This indicated that

they were actually bending away from each other instead
of app l y i n g  m u t u a l  lateral suppor t, as intended. The

modulus as ca lcu la ted  f rom the subsequent l i n e a r  por t ion
of the curve ( 4 . 2 5  x 10 ” p s i) ,  s t i l l  f a l l s  w i t h i n  the

range of va lues f rom the other specimens in this group .

P r i o r  Data and Ma te r i a l s

A summary of some pr ior  experience w i t h  th i s  class of

m a t e r i a l s  is provided in Tables 11 ( A x i a l )  and l2 (Itoop)

As is ev iden t , mater ial differences make the comparison

d i f f i c u l t .  A large segment of the pr ior  data  was conducted

on Process A m a t e r i a l s. The best  comparisons came f rom
the CRS program . This  program was conducted on Process C
mater ia l  (p ineapple)  on which optimal tes t techniques were
developed . Examp les of the data generated are give n in
Figures 30 (Axial) and 31 (Hoop) . The 6.1.4 material is

less stiff but stronger than the CRS material.

Cli p—on Gages versus Strain Gages

As was mentioned earlier , both clip-on gages and sur-

face mounted strain gages were used to monitor strain for

each run. In general , good agreement has been achieved

be tween the two techniques. This is shown graphically in

Figures 32 through 37 in which the moduli calculated from

both techniques are displayed for the various specimen types.
Excellent agreement can be seen for specimens from the

17
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a x i a l .  d i  r m ’ L ’ t l on  (h o t  ~~, - f O a l  ~u ;s)  w h e r e , in  n a n y  cas. -s , da t  a

-a i n t  s ron; :1.: t w a  ale I f: cis fall di runt ly on top of one

an t h e r  ( F r g u r m - ;  3~ t h r o ugh  3 4 )  . S li g h t ly  mare vu riatoc:

iS  m a v i m  - n t  in  t h e  d a t a  f r -rn t h e  cii - m;: fcren ;1,nl d i ; - : t ~~~r:

s p e c i : ’ e r a n  ( P i g ; m r e r ;  35 t i r a u p :  37)  w i t h  iii : - ‘r ’-n c e s  t y p i c a l l y

ran ~~i ng  np t in  a p p r o x i m a t e l y  10 p e r c en t .  The f a c t  t h a t

spec imens 1132 and  1133 fti.; ma e 37)  v a r y  by are t h a n  t b i  S

a m o un t  can be i t t  r ib u t e d  to b e n d i ng  in the specirm-ns.

i nee t : h m ’  sp - - -:’ime n h i  Ives t e n de d  I bow t o w a r d  the  c l i p—

ons , tin .:- ap ; .n r i - n t  s t r a i n  fo r  - m g iven s t ress  leve l was less

han  t h a t  recorded  b~ s u r f a c e  s t r a i n  gages  moun ted  on

perg -e:ndi c -~1ar s ide s . Th i s  produced an u n ch ar a c t e r i s t i c a l l y

h~ gi: m o d u l u :  i t - th e s e  cases.

For composit - materials of this type , clip—o n d i i i

is  nor :si i ere d  to be more r e p r e s e n t a t i v e  of the 4 rue

na terial response than surface strain gages. This data

does have t Ine q :i’;-tion of effective gage length since

t he  c l i p — o n  f l a g s  span 0.1 i nch  of the gage sec t ion .
a: ( w e v( -r , f r o m  pr~-v ieus exper ience  w i t h  composite m a t e r i a l s,

? h i s  d i f f e r e n c e  has h i m - u n  f o u n d  to be neg li g i b le .  C l i p — o n s

enable  local e f f e c t s , i f  any , to be avoided b y m e a s u r i n g

s r a i n  over  -i l onger  ga an length  than  s u r f a c e  s t r a i n  gages .

‘lev er t heless , s t r a i n  gages do prov ide  v a l i d  data  f o r  com-

p a r i s o n  purposes if the cell size is sufficientl y small in

r e l a t i o n  to the  gage l e n g t h . Proper  app l i c a t i o n  m m d

a l i g n m e n t  promotes repeatability and a degree of c~~un1 idenc e

i n  the da ta .

Fer specimens of both designs from t i n e  ax i a l  d i r e c t i o n

eit hi- r me t l ied is suit thle as was demonstrated previously,

w h m r  li tm h ’- cli p—on method is desired for the SoRI design

c i  reina ferential specimen. For the case of the rectangular

desi gn circumferential specimen , the stra in gage data ,ire

18

— - ~~~~~~- — -C £~ --- ~~-—- -~~~~-—- - 
- - r ~ - r -  — - . . ____  a



b r - f .  r a t - l u  s ince  t h e  c l i p—o n da ta  were  m er e  a dv e r se l y

- - i I ’ :  b e n d i ng  i n  t h e  spec imen . 

SiS O:t slmc a

-e CRh p r o g r a m  showed  h e  d i s t i n c t i o n  to be v er y

small 1 - - t . ~ m - . - r n  the material near t h e  11) and ma t -r i m i

flea t he i~ . I ap:  - ear s  to be- s am ; ai  ‘ W h i a t  Si i ra- n in t h e

- : m su ot  C~~~i L !1ii i r t- .l.4 b u i -  t b ;  d a t a  g i t b n -r ed  a re  i n s u t —

or a s t  roo m c e rna ’l u s i o m n . A summa ry of p e r t  ~nent

a ~~ - s b w ~: m n  Table 13. F u r t h e r  s t u d y  would  be

r u b ~~~n ’o~ t o  d i -v u l op  a n ,r r~;I~it i o n .

P t  ec’ ot  h m m - c i m e n  l ) e : ; i gn

T h e -  nod nI  i a sp -- c imens  f rom a: y lir ider  ( .1 .4 , as

calc  n i - i t  m -  f t r ita hi - u i  the c l i p—o n ga g e s  and  the st  m a i n
g i - ; es  0 ) : ’  e v - m  w e l l  P t -

~~~~~
- -

~~~ the h o b i  specimen desig n
i r :i  tes ’ t H n i l u € -  and  the  r e c t a n ij n l a r  specimen des i gn
a n d  test t i  - ‘ai a]: lu ( . A c o m p a r i s o n  is shown in Fi gu re s  38
( c l i p - a n )  and 39 ( s t r a i n  gage)  and in Table  14 . The

- ~l ’ i r ; i t e  st r e s s e s  ari d s t r a i n s  do not c o r r e l a te  we-l i , th e
SePI technique showing the r a n t  ‘ n a t  to be s t ronger  w i t h
a h i g h e r  s t r a i n  u l t i m a te . A compar ison of t h i s  da ta  is

i n I - i  : res  40 and 4 1.

Seve r n I n ch  ( 6 . 1 . 4 )  v e r sus  I - e u r t e e n  I n c h  ( 4 . 1 . 18 )  C v l j m I er
I ) , I t  - I

The - tm ’ b m r n son b e t w e e n  c y l i n d e r s  ~~~ . 1 . 4 and  4 . 1 . 18 can be
made U S i f l~ d a t a  ij e r s - r a t e d  on the r e c t a n g u l a r  d e s i g n  speci-
mens. These dat a  a r e  s u m m a r i z e d  i n  Table 15. The l~i l ) er

cyl  r n f - ’ r  appears  to be- slightly a; - fter and weaker t h an  the

7 inch c y l i n d e r . h owever , t i n . - circiim [erenti ,il s t r e n g t h  of
h . 4 .1 .18 cyl i niler is act u - il ly hi dier. This may r iot

a c t u a l ly be t rue  L i a ;e i l  on t In - comparison of rectangular and

S0RI t e n t  t echn iques .  The d i f l t -r e n c e  i n  the  u l t i m a t e

t l~
)
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S t r en g t h s  measured be tween  the  two t e c h n i q u e s  is less f o r

t h e  a x i a l  specimens  t h a n  for  t h e  c i r c u m f e r e n t i a l  sp e c i m e n s .

T a k i n g  t h i s  a Ste 1 f u r t h e r , t he  f o u r t e e n  inch c y l i n d e r

i~- i t h  less c u r va t u r e  may be showing less d e g r ad a t i o n  of

i t s  t r u e -  s t r e ng t h  v i s  a vis  the 6 . 1 . 4 spec imens.  These

da ta  are  p lot ted b y specimens a n F i g u r e s  4 2  t h r o u g h  4 6 .

CONCL US IONS

Several  g e n e r a l  c o n c l u s i o n s  may be d r awn  f r o m  the

t eat  d a t a  w h i c h  has  been reported and a n a l yzed  in  t i n i s

r - p u r t .  M a t e r i a l  f r o m  cy l inder  6 .1 . 4 can be compared to

tb-i t fa -na cy lln r ii’ r 4 . 1. 1 8  by c cns ide ring  r e s u l t s  f rom the

rect i m - ; m l :mr des i gn  specimens .  Cy l i n d e r  6 .1 . 4 is definitel y

s t i  icr  a i m - :  s, r- ngr:rr in t h e  ax i a l  dine-ct: ma . In the
c~~rc n n i f e m e n t i a l  d ;r e ct i on  the moduli values are more

ra m -a n y eb uiv .ml cnt w h i l e  the ultimate strength of cy linder
4 .1.18 is s li  :h t iy  h i g h e r . P a n r t h t - r  t e s t i n g  of mat i n al

r rorn c-y l i nd er  4 . 1 . 1 8  u s i ng  the SoRI des ign  spe c imen would
a . -  ; e  - - - a sar ’.’ to v a l i d a t e  the leg i t i m a c y  of the  c i r c u m f e r e n —

i - i l  s t r e n g t h .

The  r e s u l t s  f r o m  c y l i n d e r  Ei . l . 4 may be compa red w i t h
p r e v i o u s  So l— I d a t a  f rom t h e  CR5 p r o gr a m  s ince-  i d e n t i c a l
specimen c o n f i g u r a t i o n s  :-uru used.  The 6 .1. 4 mat e -n i l  is
L r - n s  s t i f f  b u t  s t r o ng . - r  i n  hot In d i r e c t  ions  t h a n  the  CRS

m a t e r i a l s .  Also t b -  6 . 1 . 4 m a t e r i a l  showed ex t r eme
w i v l r n e a-3S ” of t i n t : ci rcuni f~ - r e n t  n al  y a r n s , e s p e c i a l l y  near

t h e  cen t - r  of the i i r i i ; j n a l a r c s .  T h i s  is  considered
a t y p ical  when  cornp~i r . - l  to t h i -  CRS material . The proces-

s ing  d i i  f a r t - r i c e s  b u t w m - e n  t h e  m a t e r i a l s  obvious ly
- t n t  r i l i n t , - d  t c n  t b .  c h a t - i  v a r i a b i l i t y .

Cl i p—on e x t e n s o m e t e r s  and s u r f a c e  mounted s t r a i n  gages

ir e -  both - i v i a b l e  methods  of measu ri ng def ormation in the
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type of materials considered here . Results from the two

t e c h n i q u e s  va ry  m i n i m a l l y except in the case of circum-

f e r e n t i a l  specimens.  These d iscrepancies  were able to
be t raced d i r ec t ly to specimen design .  Excep t where other
f a ctors a re involved , the clip—on data are considered to
give sligh t l y more representative results.

The SoRI and rectangular design specimens showed

simil ar mod ul i values in both d i rec tions , when measured

by either strain device . However , the ultima te s t r e n g t h
values f rom the SoRI specimen are much highei especially
in the cir cumferen t i a l  d i rec t ion, where the S0RI type
produced a maximum stress approximate ly 27 percent highe r
than the rectangular specimen. Apparentl y,  the utiliza-

tion of lateral support during the test enabled an

acc urate assessment of the mater ial’s resistance to
uniaxi al compressive loads wi thout the introduction of
unknown bending stresses. The curved coupo n and its

associated test tech nique mus t be considered more val id
than the smaller rectangular specimen test techni que .
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Tab le  2

- a . E F S T H ( ’TIVE C H A R A C T E R I Z A T I O N  RESULTS ~ N TWELVE ARCS
F R o M ‘C Y L I N D E R  6 . 1.4

- - -- -~~~~~~~~~~~~ - -~~~~

‘a Axial Circ Radial
Density Velocity Velocity Velocity

Arc Circs/in. ym/cm 3 i n ./ L I sec in./;~sec in./,.sec

- Cl 96 - 1.680 0.1807 0.1913

- 
A2 ‘~~~~-

- 1.688 0 . 1 7 9 0

C3 96 1.687 0.1804 0.1917

- A4 
- 

96 1.679 0.1797

A5 
- 

92 1.685 0.1803

( ‘ 6 96 1 . 6 8 5  0 .1821 0 . 1 9 9 0

C7 92 1.676 I 0.1798 0.1932

A8 100 1.695 0.1802

C9 96 1.683 0.1812 0.1918

A l O 96 1. 1,85 0 . 1 7 9 2

Cl i  96 1.689  0 . 1 8 0 1  0 . 1951

A1 2 92 1.688 0.1801

Average 1.685 0.1798 0.1809 0.1937

SD 
I 

0.005 0.0008 0.0012 0.0O - ’1i

_ _ _ _ _ _ _ _ _  --
~~~~~~~~~- r~-~~~~~~ — --- - 

-____



Table 3

D E N S I T I E S  OF I-lOOP AND AXIAL SPEC IMENS
FROM C Y L I N D E R  4 . 1.18

D e n s i t y
Specimen gin/cm 3

} 17— CC—Rect  a 1. 614
b 1.611

}-116—CC--Rect a 1.621
b 1. 634

U24—CC—Rect a 1.633
b 1.634

H32—CC--Rect a 1.631
b 1.638

H33-CC--Rect a 1.623
b 1.623

Average 1.626

f~4-A C-Rect 1.628

A13—AC- Rect 1.620

~19—AC-Rect 1.623

A 30—AC—Rect 1.624

A 3 9— A C - -R e c t  1.626

A4 3—A C-~-Rect 1.625

A46—AC--Rect 1.625

A48—AC--Rect 1.623

A50—AC—Rect 1.621

Average 1.624
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Table 4

DENSITIES OF FIVE SPECIMENS MACHINED
FRO M THE INSIDE SURFACE ADJACENT TO

RESPECTIV E ARCS IN CYLINDER 6 . 1 . 4

D e n s i t y
Specimen gm/cm 3

2—AC—Rect 1.660

4-AC-Rect 1.660

5-AC-Rect 1.665

8—AC—Rect 1.663

10—AC—Rect 1.661

12—AC — Rect  1.660

Avera ge 1.662
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Tal le ii

7 00  F A X I A l -  M I - R ~-~S SI V I  D1’’
~ 1 

- - i-~~- -

P r o g r a m  A l l ) 6.1 . 6 .1.4

- - — 
~

- r - ‘ ,il I 

-

P r - ~~-ess A 1 C C 
- 

C

0. 48 0 .6 0 7  0. 700 0. 7 00

s/P P I P S

De ~~~~~ 
1 6 7  (1 i 4 ) *  

- 

1 685 1 685

Ve1c~~ t -2 -
-

( 0 . 1~~7) ( 0 . 1 7 3 )  ( 0 . 1 i 4 )  ( 0 . 1 . 4 -1 1
0.1732 I (~~~~ 7~~) 0.180 0 180

( 0 . 1 8 4 0 )  -

0 . 1 8 9 4  - (0.179) ( 0 17 1) )
_ _ _  _ _ _ _ _ _—

Type Test Coupon 
I 

Coupon S0RI Desi~~n Rectangular
( I n n e r s  Design
& 1 ’ )u i l )  

I

___- - - - - - - - — -
~~~~

-- 
I p— - --

SV-cimen 4 cel ls/ 0 .5/  ( 0 . 6  x 0 . 5  x ( 0 . 6  x 0.5 3 - -ells x

~~~~~ 
(in.) 1.2 0.8) x 0.8) 0.2 x 1.0

I (O.6x0 . 2 x
- 0.8)

No. of Tests  
- 

3 9 I 6 8
_____________—

~ in 10~ p s i  2 . 2 3  2 . 6 0  2 . 0 6  I~ 2 .17

~ i n 10 1 psi 3 2 . 2  4 ’ .O 55 .7  52 .3
U

---~~~~~i 
__________- -

in i0~~ ~~
-
~~

-
~
- 28.0 - 21.0 35.0 28.0

L
U in. 

_ _ _ _ _ _ _ _ _ _  ___ -_____ _ _ _ _ _ _-
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ULTRA:15,S ICS

The c1assic-iL ’J.~~cry of the propaqation of waves ir4 t’lastic
s o lid  media desc r i~= es  415~e I o n c i i t ’~r i in a~ mot ion  of an elorn .:~r,t be-
tween two ad j -~cent  cross se c t ion s  in a ~onq p r i s m a t i c a l  bar by
the eI i u d t. ~~Cfl

2— —
° 

~x 2

where

u = lon y i t u d i n a l  disp 1.~cement
x = dis tance  a long  the long i t u d i n a l  ix i s  of the bar
t = t ime

= (E/~~) 
1/2

E = nciulus of elasticity and
= mass per -dr- i t  vol ’~~r.e

The general solution to the o- uation of motion can Lo w r i t t e n
in the form

u = r ( x  + V0t) + g (x - V0t )

and  s sel. n  to repr .I sen t  two  -.- - a v o s  t r a v e l i n g  irs oppos i t e  di :ectior= s
a1o.’~g the lo ngi tud inal axis of the bar with constant velocity V0.
i’hus V0 ~s the v. -loci t y ot wave pro :’0-~g a t i o n  and deperui s onl y c-n
the T ,CI 1u115s ~~ C i a S t L c 1~~ y and the density . It must be kept irs
rn i r.’j, of co= rsc , t h1i t the 4-tsi sumption of a long prismat ical barir, 14- or :. that thi~ tr~~z sverse d i m e n s i o n s  c-f the  bar ~ re smal l  when
-~ornparud to tho : le ig th , and it i s also assumed that the cro ss
st’ctions of the bar r urnai n plane during deformation.

Sound transmission measureme n t- s for flaw de~ I-c tion and velocity
ar e made utilizing a Sperry UM72 1 reflectoscope . The pulsed I’chO ,
reflection te-: hr .~ o i ue is used for detectin g flaws. At 1 MHz ,
propagat.iI~n is iLm i ted to a distance of approximately 12 inches --

or to ssate it. anotht z way --  a discontinuity at a depth below
6 i~~chi’ ~ of the surface is out of l ange. Sound velocity is de-
termined by the thro~~jh-transrnission , elapsed—time method using
the Sp.-~~ry Ut~172l as a pulser unit and a TektroniX 564 oscilloscope
conp iete w it h a 3B3 tire base unit (time base precision of 1%)

.1 iA3 ver t i c a l  •tvIp li fier as measuri~~j devices. Using this

178
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nethod , a short pulse of l o n g i t ud i n a l  r~c - o 1 e  sound is transmitted
t h r c o i. sq h  t n e  S r i -  m en. An e l e c t r i c a l  pu l se  o r i g i n a t e s  in  a pu l s e
g e n e rat o r  and is app lied to a ceras-ic piezoelectric crystal
(SFZ) - i’he pu l se  g e n e rat e d  by t h i s  c r y s t a l  is t r u n s m i t t - ’d th r o u — : h
a shor t de l ay  line and inserted into the specimen. The tine of
insert ion of the lea’iin~ C ~~e of this sound beam is the reference
point c-n the time base of t..e oscilloscope which is used as a
‘hi gh-speed stop \satch” . When tne leading edue of this nul:e of
energy r e ac h e s  the other  end of the specinc’n, it is di~~playei On
the oscilloscope . The difference between the entrance and exit
s.irne s is used wit.h the specimen length in calculatina ultrasonic
v o to c l t .y .  A short lucite delay line is used to allow tlme isola—
t~1on of the sound wave from electrostatic coupling and to facilitat e
..lear ~resentation of the leading v0 ic je  of the entrant wave re-
.iu~~t lug in a more accurate “ zero ” in time . Reading time to m is-al
rtse portion of the sound wave gives some freedom from frea:uency
distortion . This ultrasonic test system utilizes a long itudinal
wave motion at frequencies near 1 p1Hz for graphi tes. A blc-~ki i i a o ;r a r n  of the ultrasonic velocity neai- ;uring Isroraratus is shown
in Fi gure B-l.

1 / )

___________________ a



Oscilloscope

pulsed
TimeUltraso nic Transmitter

Delay Delay
Time Ti e Mul t ip l iero~~~Ve rticalReceiver

~ Tr igger

To Delay 0 4 Horizontaf  
r

Synchroniza tion Po si t ion

I

Figu re  B — l .  Block Diagram of Ultrasonic Velocity Measur ing  A ppa ratus
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