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I. INTRODUCTION 

O r g a n i c coo led , h e a v y -water m o d e r a t e d r e a c t o r s offer an a t t r a c t i v e con 

cep t for p r o d u c i n g l o w - c o s t p o w e r . In a concep t such as t h e Heavy Wate r O r 

ganic Cooled R e a c t o r (HWOCR), it i s p l anned to u s e e i t h e r low e n r i c h e d o r 

n a t u r a l u r a n i u m a s a f i s s i l e fue l . B e c a u s e of t h i s , it i s n e c e s s a r y to u s e a low 

thermia l n e u t r o n c a p t u r e c r o s s - s e c t i o n m a t e r i a l for t h e s t r u c t u r a l i n - c o r e c o m 

p o n e n t s . S i n t e r e d a l u m i n u m p o w d e r (SAP) a l loys c o m b i n e the a t t r a c t i v e t h e r 

m a l and n u c l e a r c h a r a c t e r i s t i c s of a l u m i n u m wi th useful s t r e n g t h at o r g a n i c 

coo l an t t e m p e r a t u r e s . T h e s e a l l o y s h a v e been chosen as r e f e r e n c e m a t e r i a l 

for HWOCR p r e s s u r e t u b e and fuel c l add ing a p p l i c a t i o n s . 

The SAP a l loys a r e p o w d e r m e t a l l u r g y p r o d u c t s of c o m m e r c i a l l y p u r e 

a l u m i n u m wi th add i t i ons of Al O^ a s a s t ab l e d i s p e r s i o n - s t r e n g t h e n i n g agen t . 

Comipar i son of r e p o r t e d m e c h a n i c a l p r o p e r t i e s da t a i n d i c a t e s tha t d i f f e r e n c e s 

in m a t e r i a l l o t s , f a b r i c a t i o n h i s t o r i e s , and t e s t i n g m e t h o d s c a u s e an i n o r d i n a t e 

amoun t of s c a t t e r in the t e s t d a t a . 

E x t e n s i v e m e c h a n i c a l t e s t i n g of t h e s e a l l oys h a s h e r e t o f o r e been p r i m a r i l y 

l i m i t e d to s h o r t - t e r m un i ax i a l and b i ax i a l s t r e s s t e s t s and l o n g - t e r m un iax ia l 

t e s t s . T h e r e h a s b e e n a l i m i t e d a m o u n t of l o n g - t e r m t e s t i n g in the b iax ia l 

s t r e s s s t a t e by F l e m i n g but t h i s h a s been l i m i t e d to a r e l a t i v e l y n a r r o w 

r a n g e of s t r e s s e s and t e m p e r a t u r e s . 

T h i s r e p o r t d e s c r i b e s the b i a x i a l t e s t fac i l i ty d e s i g n e d and f a b r i c a t e d to 

t e s t HWOCR fuel e l e m e n t c l add ing d e s i g n s , and a l so t h e f i r s t s e r i e s of t e s t s 

d e s i g n e d to e v a l u a t e t h e p r o p e r t i e s of f in i shed SAP s h a p e s . T h e s e d a t a w e r e 

a n a l y z e d by L a r s o n - M i l l e r t y p e e v a l u a t i o n s to p r o v i d e e x t r a p o l a t i o n s for p r e 

d i c t ing m a t e r i a l b e h a v i o r u n d e r r e a c t o r o p e r a t i n g c o n d i t i o n s . 
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I I . METHOD OF TESTING 

A. TEST MATERIAL 

The specimens for these t e s t s were extruded at the same t ime and under 

the same conditions as the fuel cladding for the EXP-NRU-305, 305-Al , and 

305-A2 i r rad ia t ion expe r imen t s . A descr ip t ion of the exper iment design and 
(2) 

operation is descr ibed by CuUey and -will not be included h e r e . The m a t e 
r i a l s selected included 7 and 10% SAP alloys with different fabrication h i s t o r i e s . 
The identification and alloy r e fe rences a r e shown in Table 1. The chemis t ry of 
the alloys is p resen ted in Table 2. The lots were made in th ree separa te ex t ru
sion runs and a r e separa ted in that m a n n e r . 

TABLE 1 

COMPOSITION AND FABRICATION HISTORY OF ALLOYS TESTED 

Lot 
Designat ion 

U 305 

U 305A1 

U 305A1 

U 305A2 

Alloy 

XAP 001 

XAP 005 

SAP 895"" 

XAP 001 

XAP 001 

Raw P r o d u c t Suppl ier , 
Bi l le t D i a m e t e r (in. ) 
and Date F a b r i c a t e d 

A l c o a , ' 3 - 3 / 4 , 1964 

Alcoa, 3 - 3 / 4 , 1964 

HDA,^ 2 - 3 / 8 , 1962 

Alcoa, 7 - 3 / 4 , 1962 

Alcoa , 3 - 3 / 4 , 1964 

F a b r i c a t i o n Sequence ' 
(Diamete r in inches) 

3 - 3 / 4 - 1-1/2 - f i n i s h e d finned tube 

3 - 3 / 4 -• 1-1/2 — finished finned tube 

2 - 3 / 8 - 1-1/2 - f inished finned tube 

7 - 3 / 4 - ' 4 - 1 / 4 - 1 - 1 / 2 - f inished 
finned tube 

3 - 3 / 4 - 1-1/2 - f inished finned tube 

*This alloy conta ins a nomina l 10 wt % a luminum oxide . All o ther a l loys t e s t e d contain 
a nominal 7 wt % a luminum ox ide . 

t A l u m i n u m Company of A m e r i c a , P i t t s b u r g h , P e n n s y l v a n i a 
§HDA = High Duty Alloys (Swiss Aluminum) 

**A11 finishing o p e r a t i o n s w e r e p e r f o r m e d by T o r r a n c e Ex t rus ion C o r p . , Banning, 
Cal i fornia 

The finned tubing was extruded to conform to the dimiensions shown in F i g 

u re 1. The extrusion p r o c e s s fea tures a hollow, d i rec t hydraulic extrusion 

through a conical die with billet preheat t e m p e r a t u r e s of 650 to 850 °F . The 

pos t -ext rus ion operat ions included cold-twist ing to produce spi ra l led fins 

(90°/ft), ball sizing to es tabl ish the c lose to l e rances of the inside d iamete r , 

and s t re tch s t ra ightening. Study of the effects of extrusion r a t i o s , preheat 

6 
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TABLE 2 
CHEMICAL ANALYSIS OF U-305, U-305 ALT. 1 , AND 

U-305 ALT. 2 SAP FUEL CLADDING 

A1203 

B o r o n 

C a l c i u m 

C a d m i u m 

C a r b o n 

Chromiumi 

C o p p e r 

G a l l i u m 

I ron 

M a g n e s i u m 

M a n g a n e s e 

M o l y b d e n u m 

N i c k e l 

L e a d 

S i l i con 

T i n 

T i t a n i u m 

V a n a d i u m 

Z inc 

Z i r c o n i u m 

N i t r o g e n 

H y d r o g e n 

X A P 0 0 1 * 

6 .31% 

3 

50 

10 

0.68% 

1 

10 

50 

5 0 0 

20 

5 

10 

10 

10 

1000 

10 

20 

25 

100 

5 0 0 

110 

17 

X A P 0 0 5 ' 

6.36% 

3 

50 

10 

0.54% 

5 

10 

50 

5 0 0 

10 

5 

10 

10 

10 

9 0 0 

10 

20 

10 

100 

10 

2 4 2 

28 

XAP 001^ 

6.86% 

10 

50 

10 

0.59% 

10 

10 

50 

1000 

3 0 

10 

10 

10 

10 

1000 

10 

10 

50 

100 

10 

110 

30 

Speci f ica t ion 

2.0 to 7.0% 

3 

100 

50 

-

100 

100 

-

500 

50 

100 

50 

100 

40 

1000 

100 

300 

-

100 

-

200 

20 

All values l is ted a re in ppm with the exception of AI2O3 and 
carbon, which a re repor ted in wt %. 

•Extruded from 3 -3 /4 - in . —used in NRU-305 and Al t . l . 
tEx t ruded from 3 -3 /4 - in . —used only in Al t . l , 
§Extruded from 7 -3 /4 - in . - u s e d in NRU 305, Alt . l and Alt, 2. 

7 
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0.364 ±0.006 I I 0.035 ±0.002 
in. dia (TYP) 

0.504 
± 0.001 
in. dia 

0.630 
+ 0.004 
in. dia 

0.005 RADIUS 
(TYP) 

0.010 RADIUS 
(TYP) 

NOTES: UNLESS OTHERWISE SPECIFIED. 

ID OF TUBE TO PERMIT PASSAGE OVER FULL LENGTH 

OF A TEST GAUGE 0.5020 +0.0005 
dia X 0.31 in. LONG 

14 FINS EQUALLY' 
SPACED WITHIN 0.003 TOTAL 

8-30-67 UNC 

TUBES TO BE STRAIGHT WITHIN 0.002/ft 
FINS TO ROTATE 90°/ft - RIGHT HAND 
INSIDE SURFACE TO BE 3 ^ OR BETTER 
OUTER SURFACE TO BE I S y OR BETTER 
TUBES TO BE FREE OF ALL LUBRICANTS AND FOREIGN MATTER 
ALL SURFACES INSIDE AND OUTSIDE TO BE FREE OR NICKS, 
SCRATCHES AND DIE MARKS; FINS TO BE FREE OF SAW TOOTH. 7680-51369 

Figure 1. Dimensions of Tes ted Finned Tubing 

t e m p e r a t u r e s , die design, and pos t -ex t rus ion operat ions was planned for the 

future and was not included as par t of this p r o g r a m . 

B. TEST APPARATUS 

The design of the Mark III tes t r igs used in the HWOCR p r o g r a m was based 

on experience gained during development of s t r e s s - r u p t u r e r ig s over the past 

few y e a r s . The problem a r e a s will be noted in an effort to aid other inves t i 

gators to avoid s imi la r difficulties. 

1. Mark I 

The initial p r e s s u r e s t r e s s - r u p t u r e r ig s used at Al were basical ly a c lus ter 

of seven SAP tubes in a bolt c i rc le connected to a common plenum by use of 

standard s ta in less steel tube fittings as shown in F igure 2. It was intended that, 

when a specimen ruptured, the tes t would be in ter rupted and that specimen r e 

moved. The p r e s s u r e lead could then be capped off and the remaining spec i 

mens re turned to t e s t . The tube fitting joints w e r e unaffected by p r e s s u r e 

cycles , and the design worked adequately as long as t he re w e r e no the rma l 

cyc les . Upon the rma l cycling, however , the SAP tubing would contract more 

than the s teel on cooling, and the fitting would leak. Upon reheat ing, the joints 

8 
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I 

fV ni l 

^-

5 15 63 UNC 7500 1874 

Figure 2. Mark I Test Assem
bly — Seven Tes t Specimens 

Sharing Common Plenum 
64-65 UNC 

i • 'if 

^ 

7661 1815 

Figure 3. Specimen Configuration 
for Mark II Test Apparatus 
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would not r e s e a l . This was at tr ibuted to the interdiffusion of the steel and SAP, 

forming a br i t t le diffusion zone vi^hich would f rac ture under mechanical move

ment . Some diffusion b a r r i e r s were t r i ed but none proved to be very sa t i s fac

tory . The r igs did operate continuously in excess of 20,000 hours at tes t t e m 

pe ra tu re s up to 900°F. Thedes ign was discontinued because of the the rma l -cyc le 

l imitat ion. 

2. Mark II 

The next test style was designed for n ickel - and i ron -base wrought a l loys. 

The specimen configuration is shown in F igure 3. This se t -up allows individual 

p ressur iza t ion of four separa te specimens in controlled environment r e t o r t s in 

a single furnace. The flange separat ing the specimens and valves is the sealing 

face between the specimens and the ambient environment. All joints operating 

at elevated t empe ra tu r e a re welded. The lower t empe ra tu r e sections a re high 

p r e s s u r e tube fittings and can be connected or disconnected for ease of plumbing. 

This design was used successfully for a number of yea r s , test ing over 1000 spec

imens of -wrought alloys in such environments as sodium, NaK (internal and ex-

ternad.), hel ium, argon, and vacuum (external) and undergoing many p r e s s u r e 

and the rma l cyc les . 

3. Mark III 

The HWOCR development p r o g r a m requi red techniques for tube burs t s t r e s s -

rupture test ing SAP shapes . The basic design of plumbing and facili t ies v/as to 

be the same as had been successful for wrought alloys ( i . e . , the Mark II sys tem) . 

The t rans i t ion joint problem (aluminum to s ta inless steel) remained to be solved. 

Aluminum had been successfully used as end plug ma te r i a l to seal SAP fuel 

cladding tubes for short- termi p r e s s u r e burs t t e s t s . It is es t imated that as 

many as 300 aluminum plugs have been tes ted in tube burs t t e s t s (from room 

t empera tu re to 1000 °F) without a single fai lure occurr ing at the end plug. Based 

on this exper ience , a number of approaches using heavy wall wrought aluminum 

capil lary tubing were t r ied , (in December 1965) but without succes s . The alu

minum tubing would not operate at t e m p e r a t u r e s in excess of 750 °F for more 

than a few days . Fu r the r exper iments establ ished that the aluminum lead tube 

would work below 400 °F; however, th is produced an undes i red t h e r m a l gradient 

on the specimen. 

10 
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It was at th is t ime that Jackson developed a method for a tubular t rans i t ion 
(3) 

joint between austenit ic s ta in less steel and aluminum. The design provided 

a compatible seal for in - rod inst rumentat ion of fuel i r radia t ion exper iments . A 

detailed descr ipt ion of the p roces s is repor ted by Jackson and will only be high

lighted h e r e . A Type 304 s tainless s teel tube is coated with a suitable metal l ic 

diffusion b a r r i e r . The tube is inser ted into an 1100 Aluminum tube and the 

composi te is then evacuated and welded closed. The steel is then bonded to the 

aluminum by the hot i sos ta t ic gas p r o c e s s and the composite is machined to the 

required end plug configuration. An example of the components and resul tant 

joints is shown in F igure 4. The t rans i t ion plug is then silver diffusion-bonded 

to one end of the SAP specimen, the other end being sealed with the standard 

blind plug. Details of the silver diffusion-bonding process a re repor ted by 
(3) Jackson. A steel lead tube is joined to the t ransi t ion cap by means of a p a r 

t ial penetra t ion sleeve weld. The components for this a re shown in F igure 5. 

This method not only v/orks well, but i s very simple in design and low in cost . 

A la rge number of t rans i t ion joints could be prefabricated and then bonded by 

the normal pilot production fuel e lement fabrication facility. With the s ta inless 

steel lead tube, the specimen would then interface well with the facility being 

built of the basic Mark II design. 

Details of the tes t assembly a r e shown in Figure 6. The disks and insula

tion on the lead tube a re to minimize convection and keep the O-ring and m e 

chanical seals and valves cool. The smal l steel tubes on the outside of the 

r e t o r t s a re for the rmocouples . Three thermocouples are used to monitor the 

t empe ra tu r e at the top, middle, and bottom of the r e to r t . A fourth t h e r m o 

couple is used for a secondary cal ibrat ion thermocouple which can be inser ted 

during t e s t to monitor and co r r ec t any thermocouple drift which may occur . A 

mockup r ig with all tes t components and with thermocouples both inside and out

side the r e to r t is used to de termine the relat ionship between the monitor t h e r 

mocouples and actual specimen t empe ra tu r e at each t empera tu re tested and in 

each furnace design, (Tvî o furnace s izes were used. ) Two tes t assembl ies a r e 

shown in F igure 7. The furnace on the left is 5-in. in d iameter and capable of 

test ing la rge components . The furnace on the right i s 2-in. in d iameter . 

The gages above the tes t r igs a r e used daily to monitor the p r e s s u r e in the 

spec imens . They a re plumbed direct ly to the lead tube of the spec imens . If a 

11 
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7680-4039 

Figure 4. Components I l lustrat ing Steps 
m Fabr ica t ion of Transi t ion Joints 

7580 4038 

Figure 5 Components I l lustrat ing Lead Tube 
Attachment to End Cap 
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Figure 6, Test Apparatus for 
Mark III Test Apparatus 

4 

4-29-66 UNC 7680-1850 

Figure 7. 5-in. (left) and 2-in. 
(right) Diameter F u r n a c e s 

Used for Test ing Tubes 

•V 

• • , "•; - - ' ' -ife 9 ^ • 

. •! ^ i ' ; B * g • . ; - » 

- fi 1 r ; 

'via'- A^ i^^l^ ^ ^ 

li 

^ f •• 
7680-1851 

13 



A I - C E - 4 2 

s p e c i m e n r u p t u r e s , o r if t h e r e i s a l e a k in the s y s t e m , t h e p r e s s u r e on t h i s 

gage f a l l s . If t h i s i s not a c c o m p a n i e d by an i n c r e a s e in t h e i n d i c a t e d p r e s s u r e 

on t h e r e t o r t gage , a l e a k in t h e e x t e r n a l p o r t i o n of t h e s y s t e m i s i n d i c a t e d . If 

t h e p r e s s u r e d o e s r i s e in t h e r e t o r t , t h a t s p e c i m e n i n d i c a t i n g a p r e s s u r e d r o p 

i s c o n s i d e r e d r u p t u r e d . Upon d i s a s s e m b l y , t h e s p e c i m e n s a r e l e a k - c h e c k e d to 

l o c a t e the r u p t u r e to c o n f i r m t h e o b s e r v a t i o n . All of the s u b s y s t e m s a r e c o n 

n e c t e d by a s ing le l i n e to the p r i m a r y p r e s s u r e s o u r c e . In t h i s m a n n e r , one 

s o u r c e s t a t i on can s e r v i c e m u l t i p l e s p e c i m e n s . In t h e c a s e of t h i s p a r t i c u l a r 

s e t u p , the s ing le s t a t i o n s e r v i c e s 72 t e s t s . F u r t h e r i m p r o v e m e n t s in r i g f a b r i 

ca t ion allov/ one s o u r c e to s e r v i c e a s nnany a s 250 s p e c i m e n s . F i g u r e 8 s h o w s 

an o v e r a l l v iew of half t h e t e s t f a c i l i t y . The two h a l v e s a r e b a c k - t o - b a c k ; t h e 

p o w e r c o n s o l e of t h e f i r s t r i g can be s e e n in t h e u p p e r r i g h t of t h e f i g u r e . T h e 

t e s t fac i l i ty i s p l a c e d in t h e c e n t e r of t h e r o o m , a l lowing a t e c h n i c i a n to m o n i t o r 

the t e s t s e a s i l y . 

The s p e c i m e n s a r e l o a d e d in t h e folio-wing m a n n e r : A p o r t a b l e v a c u u m s t a 

t ion i s c o n n e c t e d to e a c h t e s t r i g , and the r e t o r t and t h e s p e c i m e n s a r e e v a c u a t e d 

d u r i n g t h e p e r i o d t h a t t h e s p e c i m e n s a r e b r o u g h t to t e m p e r a t u r e . Af te r t h e t e m 

p e r a t u r e s h a v e s t a b i l i z e d to v^^ithin ± 3 ° F , the r e t o r t s a r e backf i l l ed with hel iumi. 

Dur ing th i s p e r i o d , t he v a c u u m in t h e s p e c i m e n s i s m a i n t a i n e d . The v a l v e to a 

s p e c i m e n to be p r e s s u r i z e d i s then opened to t h e m a i n p r e s s u r e l i n e . The g a s 

f r o m the m a i n h e l i u m supp ly i s then b led t h r o u g h a d r y i n g t r a p and t h r o u g h the 

s t a n d a r d g a g e . When t h e r e q u i r e d p r e s s u r e h a s b e e n m a i n t a i n e d for t en m i n u t e s 

the s p e c i m e n m o n i t o r gage i s c h e c k e d and tha t p r e s s u r e n o t e d . The va lve f r o m 

the m a i n p r e s s u r e l i ne to the s p e c i m e n i s t hen c l o s e d . The t e s t t i m e b e g i n s 

v/hen the s t a n d a r d i z e d gage i n d i c a t e s t h e r e q u i r e d p r e s s u r e . The r e m a i n i n g 

s p e c i m e n s a r e then p r e s s u r i z e d in t h e s a m e m a n n e r . To m a i n t a i n i s o l a t i o n of 

each s p e c i m e n once t h e t e s t s have begun , the v a l v e s to ind iv idua l s p e c i m e n s a r e 

opened one at a t i m e . 

4 . P r o b l e m A r e a s 

The t e s t f ac i l i t y p r o v e d to be s a t i s f a c t o r y d u r i n g t h i s t e s t s e r i e s , w i t h s t a n d 

ing t h e r m a l and p r e s s u r e cyc l ing wi thou t d i f f icu l ty . 

One diff icul ty o c c u r r e d wi th s p e c i m e n s d u r i n g t e s t i n g — s o m e of the t r a n s i 

t ion j o in t s b e g a n to l e a k a f te r a few h u n d r e d h o u r s at 950 ° F . The m a x i m u m t e s t 

^ C a l i b r a t i o n t r a c e a b l e t o N B S . 
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t e m p e r a t u r e (of additional specimens) was then reduced to 900 °F until the prob 

lem could be solved. Examinat ion of the joints indicated that the diffusion b a r 

r i e r had cracked and the aluminum had diffused into the s tee l . Subsequent 

development of the fabrication p r o c e s s has reduced the effects of this problem 

to an acceptable level . The problem is associa ted with the steel aluminum 

joints only; the tes t r igs have proven capability with nickel and steel wrought 

alloy to t e m p e r a t u r e s in excess of 1300 °F . 

16 
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III. TEST RESULTS 

The Mark III sys tem was utilized to per form s t r e s s - r u p t u r e t e s t s of finned 

tubing in an effort to de te rmine a La r son-Mi l l e r type relat ionship between s t r e s s , 

t i m e - t o - r u p t u r e , and t e m p e r a t u r e . Four alloys were tes ted at four t e m p e r a 

tu res for a var ie ty of internal p r e s s u r e s . The p a r a m e t e r s of the test p rogram 

are presen ted in Table 3. The r e su l t s of the t e s t s a r e presented in Table 4. 

TABLE 3 

PARAMETERS OF TEST PROGRAM 

Alloys 

S t res s (psi) 

T e m p e r a t u r e (°F) 

XAP 001, XAP 005, SAP 895, 

3100 to 6940 

750, 850, 900, 950 

SAP 930 

Under the conditions of the shor t - terna burs t t es t s by F e r r y and Anderson,^ ' 

the effect of the fins on the s t r e s s - r u p t u r e proper t ies could not be detected. On 

the bas is of their t e s t s , the thin-wall formula a - PD/2 t was apparently valid 

for a finned tube. For the purposes of evaluating s t r e s s e s in this experiment, 

the thin-wall formula was consistently used. Fur ther analytical and exper imen

tal work will be requi red to establ ish the actual relat ionship between geometry, 

p r e s s u r e , and s t r e s s . That further work is needed is indicated by the fact that 

all tubing fai lures in this tes t s e r i e s occur red in the fillet of the fin. 

Mater ia l evaluations were performed to re la te hoop s t r e s s to the L a r s o n -

Miller type p a r a m e t e r , which is a function of rupture t ime, t empera tu re , and 

the m a t e r i a l . The r e su l t s of the La r son-Mi l l e r type evaluations are tabulated 

in Tables 5 and 6 and are i l lus t ra ted in F igures 9 through 12. The miethods used 

in evaluating the La r son -Mi l l e r ma te r i a l constants and equations a re outlined in 

Appendix A, Appendix B deta i ls the au thor ' s conaments pertaining to these 

evaluat ions. 

The r e s u l t s of the La r son -Mi l l e r ma te r i a l constant (C,.,) evaluations a r e 
B 

tabulated in Table 5. This tabulation includes an evaluation number, the 

17 
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TABLE 4 

HOOP STRESS - TO - RUPTURE TIME DATA 

Type 
Mater ia l 

XAP 001 

1 f 

XAP 001 
XAP 005 

1 f 
XAP 005 

Hoop 
S t ress 

(psi) 

6075 
6075 
6430 
6430 
6430 
4650 
4650 
4650 
4650 
4650 
4950 
4950 
5010 
5290 
5290 
3800 
3300 
3500 
3500 
3500 
3500 
3600 
3600 
3810 
3810 
4125 
4125 
6075 
6075 
6430 
6430 
4400 
4400 
4950 
4950 
5010 
3100 
3500 
3100 
3250 
3250 
3310 
3410 
3810 
4910 
4910 

Tempera tu r e 
(°R) 

1210 
1210 
1210 
1210 
1210 
1310 
1310 
1310 
1310 
1310 
1310 
1310 
1310 
1310 
1310 
1360 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1210 
1210 
1210 
1210 
1310 
1310 
1310 
1310 
1310 
1360 
1360 
1410 
1410 
1410 
1410 
1410 
1410 
1410 
1410 

Rupture 
Time 
(hr) 

3076 
1503 
2660 
1118 
3288 

516 
634 

1357 
876 
999 
371 

83 
800 

21.5 
12 
35 
35 

119 
85 

4 
32 
38 
78 
27 

105 
12 
12 
38 

744 
14 

1643 
371 

1343 
129 

4.25 
23.75 

875 
639 

83 
2 
5 

77.5 
37 
25 

0.75 
0.75 

Type 
Mater ia l 

SAP 930 

'r 
SAP 930 
SAP 895 

' ' 
SAP 895 

Hoop 
S t r e s s 
(psi) 

4650 
4650 
4650 
3450 
3800 
3300 
3500 
3500 
3810 
38'-0 
6710 
6940 
6940 
5440 
5500 
5500 
5620 
4450 
4800 
3700 
4275 
5100 
5100 

Tempera tu re 
(°R) 

1310 
1310 
1310 
1360 
1360 
1410 
1410 
1410 
1410 
1410 
1210 
1210 
1210 
1310 
1310 
1310 
1310 
1360 
1360 
1410 
1410 
1410 
1410 

Rupture 
Time 
(hr) 

592 
551 
539 
591 
303 
297 

83 
61 

3 
26 

1178 
1525 
2331 
1407 

35 
1 

543 
272 
395 
322 

52 
10 
10 
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TABLE 5 
TABULATION OF RESULTS OF LARSON-MILLER TYPE 

MATERIAL CONSTANT (Cg) EVALUATIONS 
FOR SAP MATERIALS 

Evaluation 
No 

1 

2 

3 

4 

Mater ia l 
Type 

XAP 001 

XAP 005 

SAP 930 

SAP 895 

Data 
Source 

Al 

Al 

Al 

Al 

S t r e s s 
Type 

Hoop 

Hoop 

Hoop 

Hoop 

AI2O3 
Content 
(wt %) 

5-8 

5-8 

5-8 

9-12 

84.4 

41.6 

48.1 

69.0 

Standard 
Deviation 

35.9 

11.6 

15.2 

41.0 

95% 
Confidence 

Limits 

Lower 

14.4 

17.1 

12.2 

-50.3 

Upper 

154.4 

66.1 

84.0 

132.3 

TABLE 6 
TABULATION OF RESULTS OF LARSON-MILLER TYPE 

EQUATION EVALUATIONS FOR 
SAP MATERIALS 

Evaluation 
No. 

1 

2 

3 

4 

Mater ia l 
Type 

XAP 001 

XAP 005 

SAP 930 

SAP 895 

S t ress 
Type 

Hoop 

Hoop 

Hoop 

Hoop 

Regress ion Equations 
Constants 

a 

5.49487 

5.58657 

5.76864 

5.16472 

b 

-1.59456 X 10'^ 

-3.37100 X 10'^ 

-3.16696 X 10"^ 

-1.52725 X 10 '^ 

• 

Correla t ion 
Coefficient 

(r) 

-0.9683 

-0.9164 

-0.9500 

0.9189 

Coefficient of 
Determination 

(r2) 

0.9376 

0.8398 

0.9026 

0.8443 

Standard 
Deviation 

(S ) y.x' 

0.023750 

0.046371 

0.019213 

0.033746 
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m a t e r i a l t y p e , t e s t d a t a s o u r c e , t y p e of s t r e s s , Al O^ con ten t ( spec i f i ed r a n g e ) , 

e s t i m a t e d m a t e r i a l c o n s t a n t (C^-,), and t h e s t a n d a r d d e v i a t i o n of t h e C_, f ac to r 

( S Q ). The C f a c t o r i s a m a t e r i a l c o n s t a n t t ha t t h e o r e t i c a l l y i s i ndependen t 

of s t r e s s and r e p r e s e n t s t h e c o m m o n poin t of i n t e r s e c t i o n at 1/T = 0 of e x t r a p 

o la ted p l o t s of log ( r u p t u r e t i m e ) a g a i n s t 1 / t e m p e r a t u r e for c o n s t a n t s t r e s s 

l e v e l s . The e v a l u a t i o n s of t h e s e C f a c t o r s i n d i c a t e r e l a t i v e l y l a r g e s t a n d a r d 

d e v i a t i o n s in r e l a t i o n to the m a g n i t u d e of the e s t i m a t e d C f a c t o r s . 

T h e r e s u l t s of the L a r s o n - M i l l e r t y p e equa t ion e v a l u a t i o n s a r e t a b u l a t e d in 

Tab le 6. T h i s t a b u l a t i o n i n c l u d e s an e v a l u a t i o n n u m b e r (which c o r r e s p o n d s to 

the s i m i l a r n u m b e r in T a b l e 5), t h e m a t e r i a l t y p e , t ype of s t r e s s , t h e c o n s t a n t s 

f r om the e s t i m a t e d r e g r e s s i o n e q u a t i o n s (a and b) , c o r r e l a t i o n coef f ic ien t ( r ) , 
2 

coeff ic ient of d e t e r m i n a t i o n (r ), and the s t a n d a r d dev ia t ion f r o m t h e r e g r e s s i o n 

l ine (S ). The r e g r e s s i o n equa t ion , for e a c h eva lua t i on , i s in t h e f o r m 

log (CT) = a H- b C g + log (t^) T 

w h e r e the a and b v a l u e s w e r e d e t e r m i n e d f r o m the l i n e a r l e a s t s q u a r e s r e -

g r e s s i o n a n a l y s i s , CT i s t h e s t r e s s l e v e l in p s i , t i s r u p t u r e t i m e in h o u r s , C 

i s t h e e s t i m a t e d m a t e r i a l c o n s t a n t (Tab le 5), and T i s t h e t e m p e r a t u r e in 

d e g r e e s r a n k i n e . The v a l u e of t h e c o r r e l a t i o n coef f ic ien t i s an i n d i c a t o r of 

how wel l t h e r e g r e s s i o n equa t ion f i t s t he d a t a ( i . e . , | r | = 1 i n d i c a t e s a p e r f e c t 

fit of the r e g r e s s i o n l i ne to the d a t a ; w h i l e , r = 0 i n d i c a t e s no d e p e n d e n c y b e 

tween t h e v a r i a b l e s e v a l u a t e d . A r e a s o n a b l e m i n i m u m c o r r e l a t i o n coef f ic ien t 

for good m a t e r i a l p r o p e r t y d a t a would be | r | = 0 .9 . The s ign of the c o r r e l a t i o n 

coef f ic ien t i s t he s a m e as t h e s ign of t h e s l ope of t h e r e g r e s s i o n e q u a t i o n ) . The 
2 

coef f ic ien t of d e t e r m i n a t i o n (r ) i s a m e a s u r e of t h e a m o u n t of v a r i a t i o n in the 

dependen t v a r i a b l e ( i . e . , log s t r e s s —data p o i n t s for L a r s o n - M i l l e r t y p e e v a l 

ua t i ons ) wh ich i s e x p l a i n e d o r a c c o u n t e d for by the r e g r e s s i o n e q u a t i o n . The 

s t a n d a r d d e v i a t i o n f r o m the r e g r e s s i o n l i n e (S ) i s a m e a s u r e of t h e v a r i a b i l -
» ^ y x ' 

ity of t h e d e p e n d e n t d a t a v a l u e s a r o u n d t h e r e g r e s s i o n l i n e . The r e l a t i o n s h i p 
2 

be tween S and t h e o r i g i n a l v a r i a n c e (S ) of t h e d e p e n d e n t v a r i a b l e i s e x -
y»x ^ 

p r e s s e d by the equa t ion , 
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r 2 21^/2 S = (1 - r'^)S'^ y.x L 

F igures 9 through 12 i l lus t ra te the r e s u l t s of the different La r son-Mi l l e r type 

evaluat ions. Each of these f igures show^s the calculated reg ress ion line with 

95% predict ion l imi t s (i. e. , l imi t s within which 95% of the data points a re 

expected to fall). Also shovs^n on each char t a re the associa ted data values 

where P , the L a r s o n - M i l l e r p a r a m e t e r , is expressed by the equation. 

= [Cg +Iog (t^) (T ) 

The 99.9% predict ion l imit has been drawn in for the lower side of the band. 

An in terpre ta t ion of one of these cha r t s might be ins t ruc t ive . Assume that 

it i s des i red to de te rmine the hoop s t r e s s which will rup ture XAP 001 cladding 

in 100 hours (Figure 9) when tes ted at a t empera tu re of 850 °F (1310°R). The 
3 

P factor for these conditions is [84.4 + log (100)] 1310 or 113.2 x 10 . This 
P factor, based upon F igure 9, p red ic t s that a s t r e s s level of 4900 psi will 

yield an average rup ture t ime of 100 h o u r s . However, the 95% prediction l imits 
3 3 

for th is s t r e s s level range from P = 110.0 x 10 to P = 116.3 x 10 . These P 

factors yield predic ted rup ture t imes for this s t r e s s level ranging to grea te r 

than 10,000 hours , i l lus t ra t ing that, while the predict ion l imits appear to be 

reasonably tight around the La r son -Mi l l e r type r eg res s ion l ines , these l imits 

do in actuality encompass a very l a rge range of possible rupture t i m e s . 

S t r e s s ve r sus t i m e - t o - r u p t u r e plots of the SAP data a re presented in F ig 

u r e s I3a, b, c, and d for the t e s t s per formed in the Mark III sys t em. The 

slopes of cu rves for each alloy a re charac te r i s t i ca l ly flat, i . e . , the slope 

approaches z e r o . Although this cha rac t e r i s t i c i s t roublesome when one t r i e s 

to predic t a t i m e - t o - r u p t u r e for a given s t r e s s , it has the advantage that once 

a min imum allowable s t r e s s is de te rmined for a given t empera tu re , the m a t e 

r ia l •will l as t well beyond the design life of a fuel e lement . 
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F i g u r e 13. S t r e s s R u p t u r e for B iax ia l T e s t S p e c i m e n s 

An a t t e m p t h a s been miade to d e t e r m i n e the s t r e s s be low which one would 

expec t l e s s than one f a i l u r e in a t h o u s a n d s p e c i m e n s . To do t h i s , a 99-9% 

p r e d i c t i o n l i m i t l i ne w a s d r a w n on the low s ide of t h e L a r s o n - M i l l e r band for 

each a l l oy . The c l a d d i n g life i s a s s u m e d to be 13,210 h o u r s ( 1 - 1 / 2 y e a r s ) wi th 

a peak c lad t e m p e r a t u r e of 850 °F (1310°R) . A v a l u e of P i s c a l c u l a t e d for 

each al loy u t i l i z i n g the a p p r o p r i a t e m a t e r i a l c o n s t a n t ( C „ ) . The r e s u l t i n g 

s t r e s s e s a r e l o c a t e d on the l o w e r 99-9% p r e d i c t i o n l i m i t for the a l loys in F i g 

u r e s 9 t h r o u g h 12. The r e s u l t s a r e t a b u l a t e d in Table 7. F r o m t h i s t a b l e it i s 

seen tha t SAP 895 and XAP 001 a r e the s t r o n g e r a l l o y s . 
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T A B L E 7 

E X P E C T E D A L L O W A B L E STRESSES FOR SINTERED 
ALUMINUM POWDER ALLOYS FOR 

13210 HOURS AT 8 5 0 ° F 
( U n i r r a d i a t e d ) 

Alloy 
Type 

X A P 001 

X A P 005 

SAP 895 

SAP 930 

^ B 

84.4 

41 .6 

69.0 

48 .1 

P 

1.16 X 10^ 

5.99 X 104 

9.57 X 10^ 

6.84 X 10^ 

3 - a L i m i t 
S t r e s s 
(psi) 

3650 

2500 

3650 

3250 
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IV. CONCLUSIONS 

The p r o g r a m h a s y ie lded s ign i f i can t s t r e s s - r u p t u r e i n f o r m a t i o n for f inned 

tubing of SAP a l loys o p e r a t i n g in the t e m p e r a t u r e r a n g e of 750 to 950 ° F . The 

following c o n c l u s i o n s h a v e been r e a c h e d : 

a) App l i ca t ion of the L a r s o n - M i l l e r t ype a n a l y s i s to the d a t a shows tha t 

a w ide d i s p a r i t y m a y e x i s t in the m a t e r i a l c o n s t a n t (C ) for a given m a t e 

r i a l (SAP 895) when it is t e s t e d at d i f f e ren t s i t e s . T h e r e a l s o a p p e a r s to 

be a d e p e n d e n c y of t h i s c o n s t a n t on the s t a t e - o f - s t r e s s . T h e r e i s a need 

for f u r t h e r i n v e s t i g a t i o n of t h i s ques t ion , p a r t i c u l a r l y to d e t e r m i n e the 

effect of f ins on the s t a t e - o f - s t r e s s for l o n g - t i m e tube b u r s t t e s t s . 

b) App l i ca t i on of the p a r a m e t e r to r e a c t o r o p e r a t i n g c o n d i t i o n s p e r m i t s 

p r e d i c t i o n of s t r e s s e s t h a t should r e s u l t in no m o r e t h a n one f a i l u r e for a 

t h o u s a n d s p e c i m e n s . 
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APPENDIX A 

The m e t h o d u s e d to d e t e r m i n e the C „ coeff ic ien t and the final L a r s o n -

M i l l e r t ype equa t ion involved two l i n e a r l e a s t s q u a r e s r e g r e s s i o n e v a l u a t i o n s . 

The f i r s t r e g r e s s i o n eva lua t i on in e a c h c a s e w a s u s e d to d e t e r m i n e the C 

coeff ic ient wh i l e the s e c o n d r e g r e s s i o n eva l ua t i on w a s u s e d to d e t e r m i n e the 

L a r s o n - M i l l e r e q u a t i o n . 

The b a s i c f o r m of the L a r s o n - M i l l e r t ype equa t ion i s , 

log ( a ) = A + B(P) , . . . (1) 

w h e r e . ' 5 

log = log b a s e 10 

a = s t r e s s l e v e l (psi) , 

P = L a r s o n - M i l l e r p a r a m e t e r , 

A = y i n t e r c e p t at P = 0, and 

B = s lope of equa t i on . 

The equa t ion f o r m of the L a r s o n - M i l l e r p a r a m e t e r (P) i s , 

P = [ C g + l o g ( t ^ ) ] (T) , . . . (2) 

w h e r e . 

C „ = m a t e r i a l c o n s t a n t , 

t = r u p t u r e t i m e , and 

T = t e m p e r a t u r e (°R) 

Subs t i tu t ing Equa t ion 2 into Equa t i on 1 and expanding y i e l d s , 

log (a ) = A + B C g T + BT log (t^) . . . . (3) 

T h i s equa t ion can be e s t i m a t e d us ing l i n e a r l e a s t s q u a r e s m u l t i p l e r e g r e s s i o n 

a n a l y s e s b a s e d upon the m e a s u r e d v a l u e s of s t r e s s ( a ) , t e m p e r a t u r e (T), and 

r u p t u r e t i m e (t ) for a se t of t e s t d a t a f r o m a given m a t e r i a l . The e s t i m a t e d 

equa t ion wi l l be in the f o r m . 
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log (^) = a + b^T + b^T log (t^) , . . . ( 4 ) 

where log (a) - predicted log of the s t r e s s level based upon a given t e m p e r a 

tu re and rupture t ime . In this equation, b , is an es t imate of the BC factors 

in the second t e r m of Equation 3, and b„ is an es t imate of the B factor in the 

third t e r m in Equation 3 . Therefore , C can be es t imated (Cp.) by b /b . 

The final La r son -Mi l l e r type equation for each ma te r i a l evaluation was 

obtained using l inear leas t squares r e g r e s s i o n analyses to es t imate the follow

ing equation, 

log (a) = A + B [6^g + log (t^)] (T) . . . ( 5 ) 

where a . t , and T a re measu red data values and C^ is the ma te r i a l constant ' r ' B 
es t imated from the f i rs t r eg re s s ion evaluation. 

The var iances of the es t imated C„ factors a re determined by assuming the 

b, and b^ constants in Equation 4 a r e independent. With this assumption, the 

var iances of a Cp, factor a r e es t imated from the following equation, 

^B l.l\^l b̂ ^ 

w here V]-,, and Vĵ -> a r e the va r i ances (standard deviations squared) of the r e 

gress ion constants b , and b^ (Equation 4), respect ively. The standard deviation 

(S^p.) of the es t imated Cg factor is de termined by taking the square root of the 

es t imated var iance (V^p,). 
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APPENDIX B 

The fol lowing o b s e r v a t i o n s a r e m a d e in c o n n e c t i o n wi th the L a r s o n - M i l l e r 

e e v a l u a t i o n s d e t a i l e d in t h i s r e p o r t . 

1) T h e L a r s o n - M i l l e r t y p e e q u a t i o n s a r e of t h e f o r m t h a t t h e d e p e n d e n t 

v a r i a b l e ( r u p t u r e t i m e ) i s u s e d a s an i n d e p e n d e n t v a r i a b l e wh i l e the i n d e 

penden t v a r i a b l e ( s t r e s s l e v e l ) i s u s e d as a d e p e n d e n t v a r i a b l e . T h i s r e -

a r i a n g e m e n t of i n d e p e n d e n t and dependen t v a r i a b l e s can r e s u l t in a def in i te 

op t ina i s t i c b i a s to t h e eva lua t i on if t h e t e s t d a t a w e r e ob t a ined f r o m a 

" n o r m a l " t ype m a t e r i a l s t r e s s - r u p t u r e t i m e t e s t i n g p r o g r a n a . To i l l u s t r a t e 

t h i s effect , a s s u m e a v e r y s i m p l e c a s e of s t r e s s - r u p t u r e t e s t i n g and d a t a 

e v a l u a t i o n . Suppose s ix t e s t s p e c i m e n s vv^ere t e s t e d at a c o n s t a n t t e m p e r a 

t u r e and two d i f fe ren t s t r e s s e s — t h r e e t e s t s p e c i m e n s at each s t r e s s . 

F u r t h e r , a s s u m e tha t the r u p t u r e t i m e s for s t r e s s L e v e l 1, e . g . , 1,000 p s i , 

a r e 1,000, 3 ,162, and 10,000 h o u r s w h i l e the r u p t u r e t i m e s for s t r e s s 

L e v e l 2 — a s s u m e 10,000 p s i — a r e 10, 3 1.62, and 100 h o u r s . 

To d e t e r m i n e the n o r m a l L a r s o n - M i l l e r e v a l u a t i o n for t h e s e da ta , 

r e f e r to Equa t i on 3 of Appendix A. S ince t e n a p e r a t u r e i s c o n s t a n t , t he 

second t e r m of Equa t i on 3 can be c o m b i n e d wi th the f i r s t t e r m b e c a u s e al l 

f a c t o r s in t h e s e two t e r m s a r e c o n s t a n t s . A l s o , the f a c t o r s B and T of 

the t h i r d t e r m can be c o m b i n e d in to one t e r m s i n c e both of t h e s e f a c t o r s 

a r e c o n s t a n t . T h e r e f o r e , t h e g e n e r a l f o r m of t h e L a r s o n - M i l l e r type 

equa t ion can be r e d u c e d to t h e s inaple l i n e a r equa t ion f o r m of, 

log ( s t r e s s ) = A + B log ( r u p t u r e t i m e ) 

T h e r e f o r e , u s i n g t h i s equa t ion f o r m the l i n e a r l e a s t s q u a r e s r e g r e s s i o n 

equa t i on for t h e s e d a t a i s , 

log ( s t r e s s ) = 4 .5714 - 0.4286 log ( r u p t u r e t i m e ) . . . . (7) 

The c o r r e c t r e g r e s s i o n equa t ion , w h i c h i s u n b i a s e d , for t h e s e da t a , u s ing 

s t r e s s l e v e l a s the i ndependen t v a r i a b l e and r u p t u r e t i m e as t h e d e p e n d e n t 

v a r i a b l e , i s : 

log ( r u p t u r e t i m e ) = 3.5000 - 2 .0000 log ( s t r e s s l e v e l ) . . . . (8) 
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T h e s e d a t a and e q u a t i o n s a r e p lo t t ed on F i g u r e 14. F r o m t h i s f i g u r e it can 
5 

be s e e n t h a t s t r e s s l e v e l r e q u i r e d to y ie ld a r u p t u r e t i m e of 10 h o u r s 

b a s e d upon E q u a t i o n 7 i s 270 p s i . T h i s s t r e s s l e v e l p r e d i c t s a r u p t u r e 
4 

t i m e of 4 .3 X 10 h o u r s b a s e d upon Equa t i on 8 —the u n b i a s e d equa t ion . 

T h u s , t h e d i f f e r e n c e o r b i a s , at t h i s s t r e s s l e v e l , be tween the r u p t u r e 

t i m e s p r e d i c t e d f r o m t h e u n b i a s e d r e g r e s s i o n equa t ion (Equat ion 8) and the 
4 

b i a s e d r e g r e s s i o n equa t ion (Equa t ion 7) is 5.7 x 10 h o u r s o r e s s e n t i a l l y a 

f a c t o r of 2 b e t w e e n t h e u n b i a s e d and b i a s e d p r e d i c t i o n s of r u p t u r e t i m e . 

An i m p o r t a n t poin t to no te in t h i s e x a m p l e i s t he effect of e x t r a p o l a t i o n 

p a s t the l i m i t s of the d a t a (i. e . , t h e g r e a t e r t h e e x t r a p o l a t i o n the g r e a t e r 

t h e a b s o l u t e e r r o r and the f a c t o r of e r r o r be tween t h e c o r r e c t and i n c o r r e c t 

p r e d i c t i o n s of r u p t u r e t i m e ) . 

It i s r e a l i z e d tha t in t h i s t y p e a n a l y s i s t h e e x a m p l e u s e d to i l l u s t r a t e 

t h e effect of r e a r r a n g i n g the i n d e p e n d e n t and dependen t v a r i a b l e s i s s o m e 

wha t o v e r - s i m p l i f i e d ; but t h i s exanaple d o e s show t h e effect of r e a r r a n g i n g 

the i n d e p e n d e n t and dependen t v a r i a b l e s w h e r e the da t a a r e ob ta ined f r o m 

the " n o r m a l " m e t h o d of s t r e s s - r u p t u r e t e s t i n g ( i . e . , t e s t i n g m u l t i p l e s p e c 

i m e n s to r u p t u r e at a few s e l e c t e d s t r e s s l e v e l s ) . The a c t u a l amoun t of 

!-30-67 UNC 
7680-51375 

F i g u r e 14. Effect of R e a r r a n g e m e n t of Independen t and 
Dependen t V a r i a b l e s in a S t r e s s - to - R u p t u r e 

T i m e R e g r e s s i o n E v a l u a t i o n 
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b i a s d e r i v e d f r o m t h e r e a r r a n g e m e n t of v a r i a b l e s , in any g iven eva lua t ion 

i s u n p r e d i c t a b l e , but i s a funct ion of (a) t h e d e g r e e of e x t r a p o l a t i o n p a s t 

t he l i m i t s of t h e da t a , (b) t h e n u m b e r of s t r e s s l e v e l s f r o m which d a t a a r e 

ob ta ined , (c) t h e t o t a l n u m b e r of d a t a p o i n t s p e r s t r e s s l e v e l , and (d) the 

v a r i a b i l i t y in the d a t a for a given s t r e s s l e v e l . The r e c o m m e n d e d m e t h o d 

of e l i m i n a t i n g t h i s t ype b i a s would be to d e r i v e an equa t ion f o r m for t h e s e 

t y p e s of e v a l u a t i o n s wh ich d o e s not r e q u i r e the r e a r r a n g e m e n t of t h e i n d e 

penden t and d e p e n d e n t v a r i a b l e s . 

2) The L a r s o n - M i l l e r type e v a l u a t i o n s a r e of a l i n e a r f o r m u n d e r the 

t r a n s f o r n a a t i o n to log b a s e 10 of s t r e s s and r u p t u r e t i m e d a t a . The l i n e a r 

f o r m for t h i s equa t ion m i g h t be c o r r e c t for m o s t m a t e r i a l s . H o w e v e r , 

m o s t of the p l o t s of the d a t a u s e d in t h e s e e v a l u a t i o n s i n d i c a t e tha t a c u r v i 

l i n e a r f o r m of equa t ion m i g h t p r o v e a s ign i f i can t ly b e t t e r fit to the d a t a 

than d o e s t h e l i n e a r equa t i on . If t h i s i s t r u e , t he l i n e a r equa t i ons r e p o r t e d 

in t h i s r e p o r t p r o v i d e o p t i m i s t i c a l l y b i a s e d e s t i m a t e s in t h e long r u p t u r e 

t i m e r e g i o n s of t h e s e e q u a t i o n s , t h e r e b y p o t e n t i a l l y r e s u l t i n g in an u n d e r -

d e s i g n e d , o v e r - s t r e s s e d p i e c e of e q u i p m e n t . T h e r e f o r e , it i s r e c o m m e n d e d 

in fu tu re e v a l u a t i o n s of t h i s t ype tha t an equa t ion f o r m be d e r i v e d wh ich 

p e r m i t s the e v a l u a t i o n of h i g h e r o r d e r t e r m s ( c u r v i l i n e a r t e r m s ) . T h i s 

e v a l u a t i o n should be of t h e t ype tha t p e r n a i t s t he d e l e t i o n of t h e h i g h e r o r d e r 

t e r m s when t h e d a t a e v a l u a t e d a r e b e s t d e s c r i b e d by a l i n e a r equa t i on . 

3) A t h i r d t ype of b i a s , wh ich often e n t e r s in to e v a l u a t i o n s of s t r e s s -

r u p t u r e da t a , i s i n c u r r e d when t e s t i n g i s t e r m i n a t e d b e f o r e r u p t u r e of the 

t e s t s p e c i m e n o c c u r s . The t e r m i n a t i o n of t e s t i n g p r i o r to r u p t u r e of the 

t e s t spec inaen r e s u l t s in a t r u n c a t i o n of the s t r e s s - t o - r u p t u r e d i s t r i b u t i o n . 

Th i s t r u n c a t i o n wi l l r e s u l t in a p e s s i m i s t i c b i a s in s u b s e q u e n t s t r e s s - t o -

r u p t u r e e v a l u a t i o n s . T h i s type b i a s i s not as s e r i o u s as t h e p r e v i o u s l y 

d i s c u s s e d b i a s e s in t h a t t h i s p e s s i m i s t i c b i a s wi l l r e s u l t in o v e r - d e s i g n , 

r a t h e r t han u n d e r - d e s i g n . 
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