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ABSTRACT 

A postulated thermodynamic relation for elast ic solids -vrhich equates 

the stress dependence of thermal expansion to the temperature depen­

dence of reciprocal Young's modulus has been tentatively verified in 

earlier work by Rosenfie ld and Averbach (J. Aps Phys., 27, 2 (1956 »a 

This thesis describes expe rirr:ents which were intended to extend this 

verification, but which succeeded only in verifying quite closely 

the results obtained earlier for the temperature de pendence of the 

reciprocal Young's modulus. Experimental techniques utilizing a 

high temperature Tuckerman optical strain gage instead of t.he wire 

resistance strain gages employed by the earlier authors are described, 

and the difficulties encountered in their use are discussed. 
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1. lrJt .. r Juct..1c.n 

If we presume uhdt strain e depends only upon applied stress cr-

and upon the ternpt:lrature T, and upol.1 no other parameters such as 

time or strc:ss history, i ~e., e = e ( C) , T ), a state of affairs ~vhich 

may be thought of as characterizing an elastic solid, and if we 

presume that this dependence is "sufficiently continuous", then 

:a- [o e/aT J = C:J?JT [o ejoa-] . 
i'he coeff:i cient of linear expansion eX. is defined as o e/ aT 

for constant Cl (cris usually presumed to be zero), and, if the 

elasticity is linear, t he rate of change oejacr at constant temp-

erature js the reciprocal of the Youn~'s modulus. Thus, the preceding 

equation becomes do</()~~d( 'IEYciT where the ordinary, rather than 

partial, derivative has been written on the right, since E is not 

a function of c:r e However, 0( is a function of both T and u 

(i.e ., of..= oC. (T ..,tr) ) and the variation with respect to o- , a little 

recognized property, results from the fact that for rnost materials 

E is a f unction of T. 

In the preceding discussion and in the experimental Hork vrhich is 

reported later in this thesis, the state of stress is taken to be 

uniaxial . However, it -vmuld not be difficult to modify the preceding 

equat·ions so as to describe a general state of stress. 

In 1956, Rosenfield and Averbach verified the above relationship 

1rithin their limits of experimental accuracy and utilized the theory 

tha t C:X:. woul d vary wi t.h stress to determine a "true elastic limit"[ l ] ~:-

*Numbers in boxes refer to the Bibliography Hhich appears on Page J< .• 
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f La 10?0 3t'-'c 1 g '"'h . ..: s---- MIJ thors <1lso stated th~• t, th·~ expans ion coeffi­

cient of steel under t~~sile load incrcas~s linearly with stress 

until th,.; elastic lir.1i t is reacL .. ~d. : .• 1· e Kunin and V o l•Je Kunin [2] 

c:lso studied this Ch<-mge in eX[J!Jnsion C0efficient Hith stress for 

cold-~vorked copper and fou..'1d the coefficient to be linear with load. 

In both cases a very small tempera.-tu.re rang~ was ;.1sed C(osenfield 

and Bverbach lJOC to 2So::;; KUDin <>nd Kunin lL~98oc to Ll , !~Soc) . 

I t was the purpose of the present stuj; to atterpt to dXpand th~ 

rang~ of experimentation to higher tetnpera~ures and compare the 

results to tho.;e of Itosc.nfield and Averbach . 
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2 . vescrirtion of 1:1pparatus 

A. Stress Application and ~easurement 

Stres s was applied to the specimen by means of a dead load testing 

machine, as sho-vm i n Fiq;ures l and 2 . The capability of holding a 

constant load and the proximity of installed furnace temperature control 

units made it more desirabl e for this application t han a standard 

hydraulically operated tensile testing machine~ The machine was loaded 

by means of dead weif?;hts suspended from the end of the lever arm 

svstem. The lever ar m res t ed on t wo case hardened knife edges. The 

upper swivel block also rested on a case hardened knife edge. A 

universal joint Has connected to the upper swivel block , the lov.rer 

end of which held an SR- h type U load cell@ A turnbuckle was connected 

to the loHer end of the load cell . fhe upper universa l joint an d the 

double universa l joint on the lower end of the system i ns ur ed that 

the system had adequate freedom t o prevent imposit i on of bending, 

torsional, or shear loadings. Follovdng the upper turnbuckle was 

the upper pulling grip , the specimen, the lo1rrer pulling grip, a turn­

buckle and the lower universal jointe This system wa s connected at 

the bottom by bolting the lower end of the universal joint to the base 

of the dead load machine.. A movable lead counterweight which bala nced 

the lever system, was located on a scre11-1 extending f rom the f ront of 

the lever arm. 

Heasure.rr.ent of the load tvas accomplis hed wi th a Baldwin SR-4 Type 

U l oad cel l of 2, 000 pounds capacity in conjunction wi th an SR-4 Type 
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Figure 2 . .- 'hoto::;raph of J.ener;Jl i\rr;:;nger.:~ nt of .?,qu.ipn~nt, •-r:: L::: ::-'nrn.AC'! 
~.c:dsed to shm1 S9ecir:~cn . 



P. St:r:Jin l'Iea:=;ur~trent 

A Tuckerm~ 1 autocollirt,ator No. 13-366 nnd a Tuck•;rJrJan optical ext.en-

somf~tdr , both m:;mufnctured by the American Instrument Company, Silv~r 

Spring, r·1acyland, Here used to measure the strain .. 

The Tuckermar nutocollimator consists of an objective lens system, 

a reticle consisting of 2 fiducial spot and a scale, a light source, 

and an eyepiece . A simpli.ficd diagr<=n·j of t h= optical s~rstem is s hmm 

• ...., • I. 
1n .t' H;ure Ll. Light from thr. fiducial rn2rk is directtJd to t!'lG objective 

le11s from Hhj ch it en~rges c:J s p<1rallel light. I'he beam is reflect;~d 

from th~ extensometer mirror systen back throue;h the objective lens 

which focus0s the light on th.:.: reticle ., The reticle lies in the 

focal plane of the objective lens, which is also th:; pl;~no of the 

re;:Jl i mage e The magnified reticle scc:Jle and the imagt-; of the 

fid~cial ~ark are therefore visibl~ through th3 !y~piece. 

rhc extensometer is one that has been developed by the Americnn 

I nstrument :::om.pOJny r.nd tL.'~ :·~atiom>l "<,ur~au of St;=mdards for use at 

t emperatures up to 5000F.. The body of the gAge is made of cold-rolled 

ste~l and the lozenge is madt'! of Star "J" metal, oanufActur.~d b~~ th~ 

Haynes Stellite Co . An 0 - ~ inch lozen~e was used ~nd rotates in a 

110° notch ., I'he gage m;1s held in pl Ace on th~ specimen by n ligh7, 

sprin~ . (See Figur~ J). 

Readings taken with th~ autocolliMAtor perpendiculAr to tht: ~a~e 

6 



7 

·· .. 
'·.: 

··. 
. . . ·. : 

'.'····· 

.. ··.· 

· .. · 

:·, 
.'. 

· .. · . .. ·./'• ' 

.. · -'/ .. 
. . ... .. . 

. : :.·· . :· . . ... ··.· 

· .... ·.· 
·· .·· .. · ... 

.. · ... . .. . . 

.. . . . : . . 
........ . 

. ·.· . . · ... 
:. l ... ·. . . :.·~::· .· 

. . ···. 
·. '•'.:·· .. · .. · ..... 
· .. ·:. 
···.·. · . . . . ·.'• . • .' . :.·. 



screH r117ith 
the r mocouple 
fix~d in body 

knif0 
edge 

f i x ed 
mirror 

_,---- a utoc ollirna tor 

~------ ~ollimating 
l ens 

loz ~nge 

Fi~ure 1. und2 mcnt a l opt ical diRgra:n of the r ucke rman optical strain 

gage . 
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depulu only on the c:mgle between the tv10 mirrors" If the autocolli­

rnated axis deviates from the perpendicular plane, the light will 

move at rie-ht angles to the scale and rna ke it difficult to read the 

•-:a ,,·e. The standard optical strain gage for use at room temperat11re 

has a r..tlass roof prism in place of a fixed mirro:r- and reduces this 

effect. However·' the glass roof prism cannot be utilized at the 

higher temperatures because it woulj fail by cracking, [3] and the 

autocollimator must therefore be fixed in posi·t;ion in order to read 

the gage. 

A fi..xed clamp for holding the auto<"!ollime:~or \vas manufactured and 

fix>9d to the body of the furnace so that the axis of the autocollimator 

remained perpendicnlar to the furnace. (See Figure 3). Alignment of 

the gage and autocollimator \JaS thereby simplified,. 

The decision t::> use the Tuc~erman optical system for strain meas ure­

ment was made after consideration of various unconv~ntional devices 

and resistanc8 Hire strain gages.. Since the 1vork previously done in 

this field was accomplished with resistance wire strain gages, a 

disctlssion of this type of measurement is in order .. H. 1'-... ui r [LJ used 

resistance wire strain gages in shmling the effect of residua l strain 

on the thermal expansion coeffici•3nt of steel., In ~is 1.vork, Dr. 1-... uir 

co,rered a temperature rant;e of 60 .,80F to lll .. 20F ., A., R,. Rosenfield 

and B .. L. Averbach in their Hork covered a range of only 55 .. hoF to 

82 .}foF.. The experimental rrR::thod used in both examinations was deve­

loped by Dr. Euir anu requires the use of invar for mounting the dummy 
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eage .. :lith invar h0inr used, it i.s E::a3y to see that the strain in th0 

specimen due to thermal stress is measureable 8nd that tempe ratul'c 

cor'1pensation fm· cl1anges in the r-;a ge alon :3 is effected o This sys liem 

i s feas ible for the temperature range covered; hoi·rever, at, temperaliur.~s 

above 1200F invar loses its invariant property and woulj no longer be 

effective in giving the required type of t emperature compensation. 

The author studied the possibility of using fu sed quartz tubing 

as the dummy specimen and rna king allovmnce for its expansion ari th­

metically . It is believed that this method is the most f easible if 

resistance wire strain gages were to be used. Other characteristics 

of the resistance wire strain gage enter into the decision,; ho1r1ever. 

The gage factor would change con3iderably over a tempe rature range 

of 300 to L00°, requiring another correction, and reliable data on 

the thermal characteristics of the gage would have t o be availabl·e. 

Finally , t he difficulties involved in mountinp: the wire strain gages 

accurately conclt~e the list of disadvantages for this application. 

(H. Huir was able to obtain excellent reproducibilit-,y of expansion 

data wit h precision beinp; of the order of+ 0.1 x 10-6 in./in.,-oc) ., - ' 

Although many speci8l cases of hi gh temperature uses of resistance 

wir e strain gages t.J"ere found in the literature [S, 6, 7, 8], in addition 

to the factors previollsly listed, it was fel t that these methods rr1ere 

unsuitable due to lack of coJ:Jmercially avai lable equipment (the gages 

being of laboratory construction) and insufficient time and equipment 

to attempt their manufacture in our own laboratories . 

10 



C. Calibl:a t. ion 

The extensot1eter was calibrated to find the gage factor at room 

temperature b;v co1-:1parison with a standard Tuckerma n extens ometer for 

which the gage factor was known. A tensile test of a specimen was 

conducted wit.h the standard extensometer mounted on it and subse-

1Uently with the high temperature extensometer. A multiplica t ion 

factor was applied to the value of E found with the high temperature 

extensm:l?.ter to equate it to the value of E found with the standard 

extensometer. This multiplier was used throughout as the gage factor. 

The change in this gage factor at higher temperatures is stated by 

the manufacturt;r as less than one per cent at 5000F. This ivas deter­

mined by P. H. ·.veaver of the Nat ional Bur eau of Standards by use of 

a transfer system accurate to one per cent, in which the high tempera­

ture gage was cor.1pared with the standard gage for temperatures up 

to 500°F . 

In order to cycle the temperature of the specimen under constant 

load and obtain the coefficient of expansion of the specimen, an 

additional calibrat ion curve v1as necessary to account for expansion 

of the e:ac;e bocy. This calibration i-Jas found to be necessary after 

attempting to determine the coefficient of' expansion by use of 

uncorrected extensomater readingso The slopes of the various 

expansion curves at constant load were not indicative of known values 

of the expansion coefficient for the specimen material. However, it 

was believed that this 1vould not alter the results since the change . 

11 



in th3 slope with stress was the desired quantity and this difference 

should be independent of the error due to the expansion of the gage 

body. As long as the temperature of the gage body mainta ined the 

same rate of temperature change upon cooling as the specimen, this 

would be true. 

A thermocouple \vas mounted in the gage body . A test run indica ted 

that the gage body temperature in fact did vary in its relation to 

the specimen temperature due to its closer proximity to the viewing 

port; therefore some type of correction was deemed necessary. It was 

then determined that if the temperature of the gage body at each read­

ing was multiplied by an appropriate calibration factor, the true 

expansion curve could be determined . 

Let A = B + C{).T 

where A is the corrected reading 

B is the actual extensometer reading indicating the relative 

expansion betN·een the specimen and gage body 

Cis a calibration factor andAT is the change in gage body 

temperature from the first reading of the test run. 

The appropriate calibr ation factor there fore would have to be 

such that the product CAT resulted in the true expansion of the 

gage body. 

To determine the calibration curve it was decided to conduct an 

expansion test on a r:1aterial of known thermal coefficient of expans ion 

and)ideally, one having a very low coefficient so that any errors in 

12 



the given data of the material Ho11ld be sm.gl l and the l argest per-

centage of the extensometer readings woul d be due to thJ e x pansion 

of the gage body . Fused quartz would fi l l this need , but was not 

readily availabl e , so Vycor , whi ch TtJa s on hand , was substituted . 

Vycor is a br and of glass manufac t ured by the Cornin g Glass 

Company . [ t ] It is composed of appr oximate l y 96% s ili ca , the 

r ema inder being mos t ly bori c ox i de , a nd i t may be compared with fus ed 

quartz in pro~ erties and performance. The Vycor brand gl as s s t art s 

out as a ~lass of nor ma l characterist ics and is then processed t o 

re move practically all constitue nts excep t sil i ca . It is then f ired 

at hic;h te mper ature t o c omplete the process . '£he linear coefficient 

of therma l expa nsion i s stated by the ma nufact ur e r t o be 8 x l0-7 

. ;· oc 1n . 1n .- • 

Two t hermocouples were attached to the s urface of a piece of 

Vycor ilvi th Saue reis e n cement . The extens omete r was then a t tached 

and t. he assembly was positioned in the furnace . Extensometer read-

i ng, extens ometer t er11perelture , a nd s pecimen temperature were recorded 

throughout a temperature range of L500F do~m to r oom temper a ture t o 

conduct the calibra tion test . The calibr a t i on curve wa s produced 

by mul tiplying t he extensoreter readings by the constant tha t }lOul d 

give strain rea di ngs at a c onstant temperat ure ( 3. 3L 3 x l o- 4 

i n . /in . / division) and pl otting t hese on gr aph paper . !he expansion 

curve for Vycor wa s plotted on the same paper and added to the 

13 



~xtensom<Jt-Jr ..jtr~irl ":.. .lings. 1'! slope uf tl ~ ;ltir. l,;u.rve v1as 

C@libration f~ctor~ 

D. Te m~er:1turc Control r-md Eeasurement 

Th~ furn~c~ was Gn ~ir typ~ furnRce having 27 feet of Noe 17 

Nichrome r.Iin~ l>Jound nrou."ld ;a refrActory tub!! 2.5 inch,;!S ins:LdJ 

diamet~r. A 2-inch diame t er vicrNinO' port vms pl8ced in the side 

of the fur~ace and sealed with a pyrex vJ'indm,7 . The overall diH­

meter of th~ furnace~, including the insule1tion and exterior shell, 

m~asured 7 inches. 

Tl:e ends of tlte tube Har::: sealed around th:~ linkage of th:; denu 

load mac~ine by use of layers of crlass wool insulationo A Leeds and 

Northrup t er193ratur:::: recording control ler , in conjunction vJ:i.th a 

dur3tion adjusting temperature control unit) held individual tharmo­

couple readings to a variation of + 2°F with tiffie , a lthough there were 

sp~tial gr;1dients of about _: ) 0 maximum :::ven aft~r steCJdy state 

had been achiav~d. Th~ effect of the spatial vari<1tions "Iivas mini-

mized by usina aver@ge values; see ?age 16. 

T-,;vo Chromel-Alur;el t hcrmocouples wer;:! 9laced on th~ specimen as 

descr:t bed in the section entit1 ed "Exp"'rim,~nt~l :-roc~dure 11
, .;."Jage 1.5. 

I n addit i on j 2 Chromel-Alum~l th2:rmocou;>lJ 1 iTas silver soldered in 

2 t ltr:Jaded ~i~ce of brass And scre"t·;rsd into th~ body of the: 3Xten-

someter. The output of th3se thermocouples Has re~d by a poten­

t.iomet~r, Lode l ?73?} rJan 1J..fa ctured by Rubicon Instrum~nts, 

.?hil;.~delphia, ?enns' lvania & 



3.. ~'rocedure 

i~xperimcntal ~- rocc~durc: 

l'he di2mt:ter of tht-; sp~cimen 1JDS mc:asured c:t thl'ee locBt.ions on 

th(: gage lc:!ngth by lWJ-~ns of r1 micrometer to the nearest 0 . 0001 i nch-::s . 

r~3 ~vera~e area computed from these readings was util ized in dete r­

mining the str~ss on the specimen dJring tests . 

':'r.vo hol~s , one ot ::;ach end of th.-= specimen f,J ge l Jngt h, but out ­

.s ide the extensom~ter ge:1ge l~~ngth, He r e drilled in the surfa ce of the 

spe) Cimen. A Chr omel-Al 1une l thC!rmocoupl e Has pl<=:ced in each hole 

and t he edges of the hol e r,..rere ;Je~ned over to hol d the thermocouple 

i n pl ace e 

·:'he specimen 1-ras th~~ pl aced in the r;rips of the dead-load machine , 

ar1d the extensomet~~r Tt-ras Fltt.uched by use of ~ S;Jr i n;-; mounted on the 

ext ens ometer and encirclim': th~ speci men e The fu r n::3ce was th8n 

lm.rel'ed into 9l::we e1nd t he au t ocollimat or uas s ight~d on the cxt en­

som~ter through the vi. m-1ing port and mount ed i n 9lace. 

Tensile tests ;:ere conducted I·Thil e the s pe cime n 1-ras hel d nt t cr.1p­

e r atures of ap::>roxin:2tcly 30, 150, 250, 350 nnd L50°F . At l east titTO 

tests we r e conducted a t each t empe r ature t o de t e n nine reproduc i bility . 

~a ch r un req'lired appr oximatel y on:; and a qua rter hours to compl et e 

after the specimen reached the testing temperatur e a nd conta ined at 

leas t 20 point s pe r r un . 

The da t a recorded inc l uded the extensometer reading, t l~ SR- L 

Type N i ndicator re;:lding of the l oad cell output , ;md the potentiometer 

15 



readint; of the tlfJO Uv~rmoc ouples Mounted on th~ specimen . The load 

cell v·~rsus exten~owl'!ter readinrrs obtained 11ere subjected to a 

l~ast squar~s analysis to determine thu slopes of the lines (s(.)e 

Ap pendix I). A scaling factor was then applied to the value of 

the slope to deternine ~ . 

Therrnnl expa nsion mee1surcments lv~r-3 conducted -uhil~ the s ~e citnen 

Has s.1bjected to constant lo.Qds at appr oximately 5 , 000, 10,000, 15,000, 

20,000 nnd 25, 000 psj_s The e l onga tion ·,vcas meas ured by observinr~ the 

Tucke~man optica l strain gage , t~ile load and temperature readings 

were obtained as in the tensile tqsts . In addit i on, P. thermocouple 

was mounted in the body of th~ extensomete r and its output was a l so 

r ecorded. 3y knowing the temperature of the gage body, it was 

possible to apply a correction factor for the error caused by the 

expansion of the gage relative to the specimen . This correction 

factor v.~as previously determined aud obt.1ined as described in ;'art 0 

of the preceding ch~pter. The specimen <:md extensometer were heated 

to 450°? and then cooled in increr.1ents , allm,ri ng temperature equili­

br:i .un to be establish~d at each ?Oint v-:rhere tc.rnpera ture CJnd ext ension 

rea dings \·Jere taken. This procedure was r epea ted for each load e :=::ach 

run required a 2~-hour period to complete in order to insure steady 

stcate at each level of an average of 12 temperature l evels. fhe 

av~rage tempe r ature of the tvm therrr,ocouples wvs utilized as the 

specimen temperature . The ext ensometer reading was corrected by 

means of the correction factor noted above . The corr•!cted extensomete r 

readings versus temperature readings vJe re then subjected to a least 

16 



squares <malysis to k:t~rmin<:~ the slcp~s of the lines . 
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4. Hesults 

Table I list~ tht·. r·~sult s obtained in this work and by Rosenfie l d 

and l1verbach. 

l'A BIJ<~ I 

Temperature 
Range 

d( lfE)/rJ.T 

·~~--·--~-(_u_n_i 1~;s_o_f~lo~---1_1_i_n_. 2_./....;:l:;..:b_-_o..;..c 1'"-·-

Rosenfield and Averbach 

( t·h·o s pecim2ns) 

This Study 

1.2 

0.8 

1.02 + .12 

0.6 

1.0 

4.53~1.57 

Graphical results are shovm on the follm,rin~ two pages .. The 

plots shmm utilize the symbol f , 'tJhich indicates the point 

obtained from a statistical study (see Appendix I) vTi th one standard 

deviation above and belor.;r the most probAble value being indicated 

by the length of t.he line through tho dot . 
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Figure 5. 1/E versus temperature. Values shown were determined from 

• statistical study of experimental points of stress-strain tests 

•t const•nt temperatures (see Appendix I). Dot in center of } indicates 

most probable v•lue. One standard deviation •bove and below most 

prob•ble v•lue is indicated by vertical line through dot. 
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shown were determined from a statistica~ study of experimental points 
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I). Dot in center oft indicates most probable value. One standard 

deviation above and below most probable value is indicated by 

vertical line through dot. 
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S. .ui;:,cussior~ uf •b>=>cLLt.s 

To find th~ v::2riation of 2lo</c)CI]T ov~r a 'lide range of ternperatu1·~s 

requires an accur3te dc:terminat.i on of the nonline?.l' ?Ort.ion of the 

relation betneen e m.d T for constarJt o- • It is nc;cess.1ry to employ 

a n0nlinear term in order to shm.;r an)· eh:mge ~w OC Hith ter'tperature. 

It became app;rrc:nt, early in the .exp~rimentation of finding the 

t:xpansion curves that thG data hAd insuffici~.mt ACC!lr aey to give a 

reliable va l ud of the second order coefficient. rhe a t t ention of 

the author was thercfol\; focused on a t ter:pting to obtain an <1Ccapt­

able averag~ value for dOC /ocr 1 T over the rauge of temperatures 

CICtJ.ally l!Sdd . 

The average vc,lue of d(I/E)jdT ~1as _;_-ound to be 1~ 02 x 1o- ll in.2/lb- oc 

and the avera~e valJe of dOC:/au---J;ras found to b~ L.SJ x 10~11 in.2/lb- oc, 

both over the range 79- LSOoF . 

Rosenfiel d and ~~verbach obta i n~d values of d(l/t:)/d T = 1.? and 

0 . 8, dO<:/(j CJ ]T = 0 . 6 and 1 . 0 for t.wo speci mens res;:>ective l y . The 

va l ue of d ( '/E)/d T obtained i n t his uork cor.1pares favor abl y Hi th the 

results of Rosenfi~ld and Av~rbach. 

:lhe value of 'do</ ac> ] obt.~ined in ti1is i·rork does not appea r to 
T 

be nearly as a ccura te as that of Eosenfield and Averbach. lf one 

postul ates that the value of oo</,do-l sh01.lld c oincide with t h;;t of 
T 

d(IIE)/d T vn th-tn , say , or: 3 s tand<-n·d deviat ion of the latter as 

determined in this stud;; , namel y , in the range 1.02 ~ 0 .12 x 10-ll 

in.2/lb-°C, a probability analysis , given i n Appendix I, shmv-s that 
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then; is a proba bilj.ty of 0 . 015 t ha t dcX. /do-l , determined as 
T 

L1 . 53 ~ 1 . 57 x 10- ll in.2/lb-OC, would lie in this range i n the 

abs ence of systemmatic error and pres uming a Gaussian di s tribution 

of r<mdom error . 'rh~ preceding strongly suggests the pr ese nce of 

systemmatic error. Attempts to discove r such systemmatic error have 

been unsuccessful. However, as the next paragraph sho\'ors, there are 

sources of e rr or s ufficiently large tha t a small systemmatic bias 

could result in si~nificantly altered r e sults. 

The cause of the large error in ~oc/ao-]Tin this tvork is 

attributed to the error involved in correction of the expansion of 

the extensometer with temperature. The nature of the gage thermal 

calibration wa s s uch that considerable uncertainty in the calibration 

factor ltJas pres:::nt due to furnace heat gradients , uncertainties of 

the stated properties of Vycor, and possible thermocouple error. The 

correction factor arising from this calibration vJas approximately ten 

times as great as the overall extens ometer reading . 

The use of H. Hui r 's [ L J method of using resistance wire strain 

gages t o determine reprod ucible exp.ansion data with precision of + 0.1 

x lo-6 in ./in~ oc is appa r ently untried at elev~ted temperatures where 

the effects of gage creep and change of gage factor with temperature 

become significant. 

Although the method used in this study 1...ras found to have many 

sources of error, it is believed that '"Ti t.h improvement of furnace 

design, the us e of t he Tucke r man optical system would prove to be 
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equal to, or better than, the resistance wire strain gage system for 

determining the modulus of ~-lflsticity at tl!:l m~,:ll'R t·1:c·t::s to r)JOOF . 

Further attempts at usine the Tuekermao ~ptical system for t.hermal 

expansion tests hO"tJ<:! Ver is not r!:lcommended . 

The nat·li·e of the Tuckerman extensometer is such thab fine accuracy 

is obtained at constant temperatures up to )OJOf . In this study, the 

l a:cge teml;)erature incrc:..1.1ents ltsed resulted in a definite ehange in 

~lope between the various stress-~train curves and therefore they 

aided in determining ·(jhe value of d(IJcJj1r ove r t he t-mole tempera ·bure 

In contrast t o this , the lnrge te mpera ture range neces sitat"!d 

the use of l ow stress levels in ordar to avoid exceedi:1g the gl astic 

liwlt , ond therdfor·e hindered the establish:n~ nt of dif.f0rences in 

slope of the various strain versus temperature curves. 

Rosenfield Rnd Averbach, however, tested to high stres s l evels 

over a small temp~rature rane;e , ther~by increasing the accuracy of 

dO(/~o-JT , while decraasing t~e accuracy of d('/£)/dT. In their work 

they were not ;.}ttempting to find the variation of these parameters 

'tvi th temperature, but only the va lue at one p:1rticul ar temperature. 

Their statement and bhat of Kunin and Kun.in that th~ che1nge in expan-

sian coefficient is linear with stras s over the r ange tes ted is 

necessarily an approximation appropria te within a small tempt)ratur·s 

range of testing. 

I n fact Sutherland, [10] in l -:391, suggested that the re1tio, 
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Y = G/GAC cf the £nodulus of rirridity (:J) to the modulus of ri~idity 

;:-,t Absolute zero ("'lAO) versus th~ ratio, X = T/Tl'-~ of absolute 

t~np.:!rCJture T to rn·~lting tl..!rr.p:::ra t ur·~ Th for any m~terial follov.JS the 

lin3 Y = 1 - x2 • Using the r .::! l R tion 'J = L/2 (1 ~) valid for isotropic 

rr.aterials, 1rJe t h.:m find G/GAC = E(l+ /:{0)/EA0(1~). If the change 

o~ (Poiss on 's ratio) is assum ·~d :,o b~ s mall, then E/EAO should 

a l so follow the line y = 1 - x2 • f his would support the be lief that 

d"'-/ao-] Hill vary Hi th t emperature . 
T 

24 



6~ Vari<3tion 8ncl i~rror 

T~.vo major sources of error ·7,_~re present. .L'ht furnace des:i.grJ. and 

construction -vras such that a he.:Jt ~radient (~!xiste d Rlong th t~ specimtm. 

I t is believed that although the rnen n va l ue of the t~mperature indica-

tions (of the bm t hcrroocoupl~~s mounted on the specimen) tvas used, any 

rJeviation of this value from the average temperattG'e existing bet~veen 

the cxtensoJ:J.eter 'knife: edges would be $ufficion t to cause errors in 

J:J.t~asure ments of the coefficient of expansion . If the average tempera-

ture Has :i_n errot· by 1°F, and assuming anO( of 11 x 10-6 in./in,-oF, 

then over the 1.2-inch :::nge l ength of th ;.:: cxt. ".msm1eter tvith an exten-

So ~ter n~t..,n-'- f" 3 3133 x I0- 1' • ld· · · ld b r.1t3 cob,..., v 0.1. • l ~ ·< ~n.,•::LVlSlon an ·::)rror lrV'OU .. c 

present of (1 °f x 11 x 10-6 i n . /in. Of x 1. ~ infO . 31~33 x 10-11 in./div) 

= 0.0395 '::! 0 .. 04 divisions on the autocollimator scale (see App~mdi>: 

II). Since the optlcal system all mrs readings to 0.02 div:Lsions, 

this error would be large enough to influence stra in readings. 

The National Bureau of Standards has deve loped an air furnace '[,·lith 

no heat gradients [11], but it has sealed and heFJted ends and no vieu-

ing port and therefor~ would not be suitable for measurements under 

tensile stress or for use of the optical system . A commercial type 

Earshall furnace tvith a viewine port c:Jnd el~ctrical taps from various 

parts of the heating coil to control current .flm-1 and therefor~ the 

temperature was available . 'I'his furnace however, proved to be un-

sui ted for this study be cause the viewing port vras only ! inch in 

diamater and a diameter of at least 1! inches was necessary to 
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3C1-'0t!llnuda t~ t. h~ O[Jticdil system. Che fur£la ce us~d in this study could 

be i. :proved if a t:tudy i~·r3 rnad6 of th0 heat loss through radiation 

and conduetion n L the pyrex: \'iev1in6 'Jo:ct and through the speciJr:f.m 

;;ulling grips . 'l'he number of turns of Nichrome ,;,;ire cot1ld then be 

~djusted in the region of the port to d~crease the heat gradient. 

I n addit ion, n more positive me~ns of sealing t he ends around the 

pul l ing grips could be d~vised to sea l the furnace fr om air currents . 

The second major ca use of err or is due to the expnnsion of the 

extensometer gage body itself. Dur ing thermal expans ion tests the 

body of the g2ge tvi l l change wi th t he t emperature , t hus c ausing the 

l ozenge to rot?.te in oppos i tion to the r ota tion caused by the 

expansion of the specimen mate r ial . To account f or t his , the ext en-

someter rms calibra~ted on a piece of Vyc or as described i n ?art C 

of the preceding chapter . The corr ection f act or ari s i ng frot-:1 this 

ca l ibration and variat ions in gage body thermocouple r eadings was 

suffici~ntly l arge to mask the expansion of the specirnen and gi ve 

unsa t isfact ory r~sults for the thermal expans ion curves . The cali-

bration t-Jas subj~ ct to error due to heat grad i ents i n the furn;Jce as 

d~scribed a bov·~ , ClS Hell as possibly in the stated v<a lue of oc for 

Vycor o An analysis of the ste ps involved in determining oo<./'d o-JT 
is shown belm-.r . 

e = CAT = strain in ga ge body 
',3 
D 

e ,, -s.::: esl = strain in s peci men 

(e - e ) = K Drv (DIV denotes divisions i ndi cated on collimator 
s g reticle) 
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(e -s 
\ e J g 1 

KADIV + CLlT = L\ e g s 

D<(l = D..es = K. ~""DIVa-+ C AT~a. 
ll.Ts AT~a_ 

a indieates stress leve l a 

chc:mge in specir1en tcmperatu!'e 
from initial temperature 

6. T - change in gage temperature from 
a 

• t.> initial tempe rature 

b indicates s tress l evel b 

_ K ( A1:>1Vb - A "b1V~) + C( Ali~:>- 6Tqa-J 
6..'5 t:::.u-

= _K._ (A"'D\Vb-A"'Div'o...) + ~( ATb -6-To...\ 
~Ts ~r;r l::.. CT AT~ 1 

It appears that the quantity( A~- ~o- \ would go to z.~ro since ~~ 
~~ J 6-s 

would appear to approach unity, in i~hich case dcX/dc:J = A~A.r:J ( 6. DIVb -~DI~) 
and the calibration fact or C and gage tt;)mperatures v10ul d not e nter into 

the final e1nalys is. HoiJever , the r atio doe s not equa l unity in 

the expe rimental data and although at firs t glance the variation 

1-rould appear to be minor it does alter the solution considernbly. 

For i nstance , if the values of D,DIV, 6. Tg and .6. ·r s f rom tests 

at 7000 psi and 12,000 psi are substit uted into t !·1e relationship 

above, 
K X 1.1 4 cx~'39.55 

cX..1200o == + 
334.~b 33LJ. q b 

0( 700o -::: 
KXI.Z2 + CX'315.60 
'328.~8 "328 .1..\ B 

6c< :::: OG,?.oco -cx'?C()O _ K(\.\4)( 5!~:4~- \. z 2) C(~3q,55X;;:,q~ -31:>) 
+ 

t:..r:J 5ooo 3Z 8. LJ 8 X 5'000 '3'1.8. 48 X 5000 

f:,.()( - '3.34'33 X \0-\0 X oo . qqz X 10-10 X 2.014 I 8'<2Xl O-I+I II) II vlo-11 
A~- • I + =- • (.} fo... '0" 
uv J. 6L42L\ \. 6~ Z4 
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Suppose t~1at titer.~ H'~re a 2° error in the 315 . 000 t emper8 tur e 

reading used in th~~ preceding calculation . Then the difference 

of 20 .. 14° appearing in the num1~rator in the second term would be 

reduced to 18 ~11~ 0 or increased to 22 .1!1° and the term itself could 

shmv a variation from 10 .. 96 to 13 .3? x lo-11, a range of 2.41 x 10-11. 

A 2° error in tcm9eratur~ dete r mination is cert.::.dnly a possible error 

and this cmalysis sho1,rs th,gt it can result in variations in calculated 

results that are themsel ves larger t han the strain gage determinations. 

Thus it is readily apparent that small e rrors are able to alte r 

considerably the result.s of dcx/~oJTby changing the value of the second 

term above. 

Sine~ the correction i nvolved was about ten times the value of 

the unco rrected extensomet~r reading , the author believes that the 

complete system of using the optical cxtensometer for thermal expan­

sion tests is unsuitabl e . Notice ho•r~ever th2t these errors are 

predominant in therr:~a l expansion measurements , but do no"':. affect the 

tensile tests at constant temperature. Once the exte nsometer has 

steadied out at a particular temperature, its accuracy is maintained 

as previously discussed. 

In addition to these major sources of error there are others. At 

elevated temperatures the heat gradient in the furnace sets up convec­

tion currents~ These currents pr oduce changes in air dc:msity with 

temperature and in the area of the observa tion HindO".v the lieht beam 

from the autocollimator is l'efract~d. This re frc:Jction of the light 
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beam rt!!sults in ·~ bL.rcrin:-r o!: t 1-., fi JuGia l'J J pot, RS v i'3 Hed thJ'ough 

the au~ocolb.mDtor. After considerabl·= use of the instrumen"':, un<i~r 

these conJitio~s> a fHcility was Jeveloped in obtainin~ readings 

that are considered re;'eatable "iith occasional errors of + .OD 

divisionso 

According to Paul H. ilike of the Leeds an d llorthrup Co~pany 

[12], Ch:·ornel-Alumel thermocoupl es have limits o.f e rror as s e t b;y· 

the 't-Ji re r,c;nufact'.lrer of + 5F0 in the rAng;;: of 32 to 660°F . These - '-' 

limits h~~ever, are for random sel ection of s tock wire . The wire 

used was dupl ex ~dre having a stated erro r ~ 3F0 • 

I n addition, there is a tempe raJ:.ure error due to the degree of 

contact between thJ thermocouple a!~ specimen, and due to radiation 

·fro~ or to the thermoco~ples. 
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7. Cnr.L.ltl;:,ions 

fhese experiment5 tend to v-:.;rify the value of d(l/t=:)/ciT as obtained 

by itoser field anc1 Av:':!rbach. l'he value of dO(/ao] Tobtained in this st.udy 

:l..nvolves a large error and does not agree 1-1ith the va lue of d ( 1/F-) / dT 

or with the r0sult obtained by Rosenfield and Averbach. 

The resul·;"s obtained by use of the Tueke r .rnan optical strain gage 

for tensil-3 tl":lSts at elevated terpe rc1t.ures He re considered good and 

the use of thi.s r:-r-ocedure for determining the ela stic modulus is 

1vor·thy of continued investigation v1i th i mprovement. of furnace design. 

Use of the TuckermaL! Opticc.J l strain gage for thermal expans ion 

mec:1snrements is not recon;nended c.Jue to the large change in extensometer 

gage length 1r:rith chane;inr t emperatur es . A continuation of t his study 

could utilize th~ micrometP.r cil-3tometer method as defined by Lement, 

Roberts and Av~rbach (1.3}. 

The the r.modyna rn ic relntionshi.p stat ::~d i n the Introduc tion is an 

i nteresting one tvhich remains at this moment relatively unexplored. 

The work of Rosenfie l d and t1Verbach veri fied its validity only over 

a very limited temperature range and uith a large fact or of uncertainty. 

The present study, falling short of its ob jectives , merely tends to 

verify a p2rt of Rosenfield and Averbach 1 s data . Si nce the rela tion-

ship is a fundamental one , its more general ve rification would add 

to understanding of t:1e behavior of solid ma t e rials and the confidence 

vrith Hhich one can postulate that (unde r short-time, lov;r-load 

conditions) strain is a function only of temperature and stress. 

30 



Accordingly, it, is rtlcornrnend~d that continued ·Hork be done to verify 

this r~~lation exper:in.cntally , perfecting the t.echniques 1-rhich .1.vere 

found by the ~resent study to be sound and devising alt.ernate and 

~ppropriate techniques to replc;ce thos e Hhich this study finds to 

b.e un~wunJ . 
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.'Jill-JERICAL A:.1'1LYSIS OF JATA 

A stati~>~ical @ r al.Y ai..'l of curVe!S of c = e (T) (s train as a 

function of te'":'lperature), e ,.. ~ (cr) ( str&in as a functi on of stress) , 

d(l/~)/dt, anddc:X/cH,-]Tt o determine the s l opes of th~ various curves 

Has accomplished using the C:mtrol Data Sorpor;Jt i on 1604 die;i tal 

computer, instAlled at the U. S. Naval ?ostgr~dua te Sc hool, using 

programs ava i l able in the computer pro!r8m library8 

The coefficients, a and b , in th~ ~quation y a + hx -v.rer<!'! de t er-

mined by submitting tte experimental test datP. to t he statist.ical 

analysis generalJy referred to as 11 the method of l eas t squares " a 

detailed study of I·Jhich can be found in J .. B. Sca r·borough 's " .i\Jumer i cal 

1-.athematical Analysis" e [1.5] 

The pro2"ram for this reduction of C:ata Ha s t i tled "Line Fit 11 and 

Has available in the computer program libraryo The progra r.1 could not 

r~cconilllodate the ;;v~ightin r, of ?Oirits , but did give the standard devia­

tion of the coeffici<:!nts a and b wil:,h their mean va lu~s i n the output. 

The input was on punch~d cards.. Each card will accoro.odate six 

experimentally determined points in the form x1y1x2y 2x
3
y

3
• • • • 

X6Y6 where x and y are six digit numberso 

In the determination of the slo~es of the t ensile t es t curves 

approximately 2h' points vJe r e used for the input dC'lta of each curve 

rmd the coefficients 't·Jere determined for ten different cur v::!s at 

constant temperatures. In th(;! determination of the slopes of th~ 

thernal expansion curves approximately 12 points t-Jcre us~d for the 



input dHt::. c;f ;.;""l or :i ·. cnrvcs c:!t constant st,ress . In th~ case 

of theriTEl expansion measurements , t;he ravJ data of d ivisions of 

str~ in versus temp~rat ure vras first pl aced in the form of str.:::in 

versus tomper<.iture by, 1) mul tip l ying t.he divisions of st r a in by 

the ap propria te constant (see App~ndix I J ) t o convert the val ue t o 

strain (in . /jn.); 2) addinE to this the product of ~T of the ea6e 

bojy t, i ·ws the calibr.1tion factor (se:: Page li for d j_ s c ussion of the 

determinat ion of eali.brGi! tion factor) . Tensil e t est data wa s entered 

on the cards in the form of Type IJ ind i c:ator reading ~in./in.) 

and divisions of strain . The output val ue of t he coeffi c i ent b was 

multiplied by an appropriate constant (s ee App~ndix II) to ~ivo E. 

The 11 Line Fit 11 program of least squr~res ana l ysis c omputes t he 

coefficients a ;:md b by solvin~; th~ follmv-ing equations for the 

input data: 

a = 

b = 

~ y2.x .._- Z:: x Z: xy 
i12x2 - ("ZX)'L 

n2:: x y -.:Ex~y 
~ J 

h ~x'l. - (~x)"l.. 

Hhere n is the number of poir,ts and x and y ar e or di nate and abs icca 

of the input data . 

Probability analysis of error in do~'/ccr ] T . 

In th ~ discussi on of results , it i s state d t hat t he r e is a 0 . 015 

probabil ity that the value of ~~causin~ the e xpe:rimental technique 
T 
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Tuu.l·l .L alJ vi t.hin the liiTJi ts of' d(I!Ef{JT a This value of 

Oo015' HAS ic;l..cll'iin~,_;u 1iY use of the! normal curve of error and tables 

on ~·nge 244 of 3 ... d'er-'-nc:e: [lLIJ• To ·~nt~r t~1e tables, first find tl:e 

number of standard deviations ( t) r~quired for the value of ClO<' /do-JT 

to fall 1"i thin th·~ limits of d(I/EJ,l{fa s follows . 

(4.S3-i.IL.\) 
t = =2./b 

\.'51 

t,~:Lre 4e.53 is the mea n vnlu~ ofdo<'foo-llalh is the mean value plus 

one stc-md~rd deviation of d(I/E),/c1Tand 1.57 i s the standard devin t:Lon 

of d(X/do-] , 
T 

1] · · ~- f 1o-11 1 · o,., a _ J.n un:.t ... s o · cs J.- v ~ 
. '. 2ntering the tables with 

t = 2.16, A value f or- the probability is obtaine d equal to 0.015. 
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This Appen lj incln~k·s the derj_v::Jtion of the wn'ious cons t ants 

nt i l i zed in t he reduction of data and re f err!d to througho~lt the 

body of this ~vork. 

(1) Strain can be calculated by t he equation: 

S = AxL~R/~xlOOO (from Aminco-Tuckerman Optica l St rain 
Gage System Instructions ~o . 750) 

where (S) is strain in inches per inch, (A) is t he autocollima t or 

calibration factor (given by th~ man uf acture r), (L) is lozenge size 

in inches , (R) is th>3 difference in autoc ollir:1at or rea di ngs, and 

(E ) is the ~age length . 

A 1.003 

L = o.4 inches 

E 1. 2 inches 

s = 
J.003X • 4 X R 

3.3433 X lo-4 R • ' · = }. 2. X I 000 ~ 1n.;1n. 

(2) Stress may be c a l cul ated by th! equat i on: 

o- = I /ZAA psi 

Hhere ( I) is the! SR- 4 Type N i ndicD tor readint;_...,t.< in ./in ., (Z ) i s the 

SH.-4 Typ~ U lo~d call ca1ibration fact.or~ in./in.-lb , (A) i s t he 

cross-sectional .sr:~~, of the s_Jccirnen in .. 2 • 

Z = 4.0 in./in.-lb 

A= 7T02/L~ = 7Tx .25012/4 = .04912 i n <;2. 

CJ= I/4.0 x .04912 = I/.1965 psi . 
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