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1. INTRODUCTION

A device for tile measurement of stress using the thernioelastic effect has become

available only within the past six years. This device is a SPATE 8000 (Appendix

1). *The thermoelastic effect was first quantified by Lord Kelvin in 1853 111 and

is embodied in Kelvin's Law, which states that the nornialised rate of change in

temperature varies linearly with the rate of change in the sum of principal stresses.

The constant of proportionality, K, between the change in temperature and tile

change in stress. is known as the thermoelastic parameter. Recent work at this

Laboratory has shown that the thermoelastic parameter v'aries with mneanl stre S.

This was first shown by Machini et a) [2] by a series of experiments in which a

constant cyclic stress amplitude was applied to a specimen whilst varying thle miean

stress. A SPATE 8000 was used to show that thle change in temperpture arising

due to the cyclic change in stress was (differenit for different mean stresses. The

theoretical b~asis for t his mean stress 'l,-pmdence was subhsequentlyN developed bY

Wong er a! [3]. In [3]. it was also shown that for anl applied sinulsoidal Cyclic stress,

there is a temperatuore response both at the frequencY of-loading and at twice this

freq uenc). Wong et a) [.1] showed experiiient ally how this secomid ha rion ic in thle

temp~eratuore response miay Ile used to qilant ifv\ the mean stress dependence of thle

thernioelast ic paraineter. Aohrmaso timtiyn i ien tesdpnec

which inv olved iivet iga tiii t he quad rat ic rela t jonip ibIet ween in e t etpera tir e

resp~onse withI appl)1ied st les was also pnrveeitvd i I

Thie turexiou, re-fereiieescito- rvInsi t- for 2t021 am inn iiin and G.\l I V ltniimI

allo~ s. lii Iater cmmIat,~ tle' Ine-, isml atd prm'.m'nt- fmi Inn mmii -11 n itw itt0 *.tec

2. THEORY

In [:31. it was shown that, for a lioiiiogmioui, flomkean imaterial unbjecfedl to iniaxmial

stress umnder adiabatic conilion. thle t hermioelastic equti on nina. be writ telt a,

0~ny S) .S (2.1)

w~*here.

T is the absoltute temperature (K)

s is the sum of principal stresses (N/mu12)



PO is the lel'iitY (k-g/in 3)

C,~ is the specific heat under constanit strain (.Niii/K)

n is the coefficient of linear thermal expani on (K- ), and

E is the Young's modulus, (N /iiu2
)

By rearranging. eqid 2.1) nitay be rewritte Ci s

w~here K is I liv t lierrinola i Ic p~a r iilet er. H.%c lIIp riiii oll o (I Ila I ion 12. 1 ) a n I t. 1

it call be Cven ta K* is stre~,s dejwiidtvit. 4he aui oif I lie 170llowiii, ('per-1izlI'

is to quantify this stress de~pendenceif arid to compljare thti expeimietitdl.N ,hlalmi

vallies with t hose predicted ly theor.

3. EXPERIMENTS

Thle clhanges in temipera ture wch applied tiress me asuiired he"re. ain I report ed in i2]

andl [4]. were miade using a SPATE SO0O. The infra red detector of SPATE resp~ondl

linearly to changes in irradiation flux. (do. which, fromt the Ste'a ri- Bolt zina n law, is

related t~o the small change in surface temperature by the expression

(IQ = -1( BlI"dT. (3.1)

in which cis the surface emissivity and B is the Stefan BOlt7nian constant. The

SPATE signal is processed uising a Brookdeal MNodel 5206 Correlasor which. in

normal use. analyses only the component of the detector response which is,, at the

frequency of loading. For a cyclic stress of ki.mplitude, Is, about a mean stress, s_,

at temperature T0, it can be shown, by integrating eqn(2.l) and substituting into

eqn(3.1), that the SPATE output, S. is

S = .-4eRB (a - T2 FT8) (P.( ')- As, (3.2)

where R is the detector response factor. Equation (3.2) may he rewritten as

S ==-4(RBTK,1s. (3.3)

in which the effective thiermoelastic paranmeter, K, is given by,

2



KI OE ~ ,)p~ r (3.4)

Equation (3.1) slauws that the therinoelast ic paramter has a linear dependence

ol the mnean t tress, ,,.A normialised ineasuire of t Itis iuea u si res., d ependlen ce is.

therefore.

I ~K I OE

-i !7 -,I1 (3.5)

where K. i the thlernitoelasli p arameihter for zero nilall 'Ire" ( )o( )_

All of I lie specilliei!, d iscilised ini lie fol,,wivj 'vcl oli. ilciel ii I lle 20*2

aluiiiiiiiiii and GA1 IV~ litaiiiiii ahlOY sl' CHIllei, [IC Il 1-2] 1 I 11 WI. I-I\

endedl withI okn etol fcrclr(4~54 41.1 Iliecn,-ec&t 44111 l44 rv 414'r

0.822 x 10 11112 for I lie alitimiitii alloy spclll.103xI( i o i

alloy specilieli and 0.010 x 10 1m12 for the steel pe)4cinien. A.ll o)f Ilhe.,v allh,4, ale

relativ he iigh st renugt i h l s fI ii epe i 4 it ii kwith hi ' y('ll strv Of

2021 altintiniuii being 31231Ia, that for (Al IV t :t
aiii lwbii;-g 960\11IXa awd 1310

steel being 1:100\11Pa.

3.1 Direct Measurement of the Mean Stress Effect

Machin et al [2] described hlow the mean stress effect may be iticastired directl 'y by

observing the change in SPATE response for different mean stresses with a coln.t ant

cyclic stress. Briefly, the method involved focussing tire infra-red detector at a single

point on a specimien. The specimen was subjected to a cyclic load the aliplitide

of which remained unaltered for the test durat ion. Thle mean load was theni set to

a value and, after 20-30 seconds, a reading of the voltage 01utputt fromt thle detector

was taken from the the digital display of the Brookdeal correlator. The timte delay

between the setting of the load and taking a reading was to allow the detector

response to stabilise. This method was used in [2] to determine the mean Stress

dependence of K for 6A1-4V titanium and 2024 aluminium alloys.

Another means of directly measuring the mean stress effect, used here for 4340

steel, is to collect data from the Brookdeal correlat or and thle testing miach ine load

transducer via a data acquisition system (the data acquisition system used here

3



was a HlewlettI Packa rd 7090A Mleasireijielt I'Ilt ll61i- Svsi (iii) 1ii c. ollihlir-

ably faster than fte previous iiiethol and~ allow, thle gathlering~ of iiii14li 111ol. data.

thereby giving a better statistical analysis. TO dlo t his. the chli ii I outpu ~it, W

taken from the correlator (this is a dnc. .signial liiiearly\ proport ionial to thle readinig

given onl the correlator\s digital nlisplay ) and input to one chtainnel of all ainalogue to

digital converter. A signal from the load t ranisducer was passed thIirough a lowv-pass,

fiIt er. such thIiat onl, thIie d.c. comnponlenit of tlie signlI was allowed t i ro ugh. andi was

captuired oni anot her cliannel of filie a-el coiiverter. The data acquisitioul litll was

lienl set to collect 1000 points ofd(ata per channel for GO0 seconik. ilwiriiig which lime

the mneani load was constantly varied. Tlie two sets of data iiia) now% b~e aiialYse'l

using a linear regres,,ion analysis to calculaetecag nSAErs~newt

mjean load. It iF importanti to note that the measured quantities here are voltages,

The gradient obtained from the regression analysis is 81'101;, where V' is the

SPATE output and V,, is is the ivean load voltage output. The intercept, V., iL the

SPATE output for zero mean load. In relating these voltages to the theriioelastic

parameter. we have [1

K = Tpis' (3.6)

where,

D 'is the system sensitivity (14.5 K/V)

R is the temperature correction factor (13=1 0 for T. 200(C)

T is the absolute temperature (K)

pt is the pellicle transmission factor (0.86)

e is the surface emissivity (0.92)

V, is the detector response (V)

A~s is the amplitude of cyclic stress (Pa).

Also,

1~ (3.7)

where,

I"' is the correlator's channel I output, and

Ais the correlator sensitivity.
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T le al lplied loadl, a idl I lierefore st ress. s. is ii(a, re( 11)) a loaw I cellI thle oiIi I)11 III

which is also a voltage.I

IL

in which.
P is thle applied load (N)

Yj is the calib~ration factor of the load cell (5000N/V). The applied load call

be expressed as

P = q,4(:.)

where,

A is the cross sectional area (m?2)

and the mean stress, s., is therefore given by

Sm 1 ""l (3.10)

where,

l,~. is the mean level of IL:~

and the amplitude of cyclic stress, As, is,

As At" (3.11)

where,

AV is the amplitude of the cyclic compllonlent of IL

Bringing together equations (3.4).(3.6).(3.7).(3. 10) and (3.11) we have.

DRV'AA a I L 1312

TerjAl' p.C P.( C' e9T .4

The out put from the correlator is

TetjA ( a - 1IL(3.13)
DRAA p. C, po(', E- O9T .43.3
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For zero mean load.

SDRA.4p 3.1.t)

The gradient of the change in correlator output. P7'. with mean load level

voltage, Vr, is

01' Tt Al I 10El
Ol. DRA po(', E 2 aT (1

Therefore, a normalised measure of il"'/01, is

1 19' 1 1OE il
--- (3.16)1'11m a E 2 OT A

Comparing equations (3.5) and (3.16), it can be seen that a nornialised measure
of the mean stress dependence of the thermoelastic parameter. I/K.OK/0s,_. is

I OK A 1O9'

Therefore, the values required to be experimentally determined are the results

from the linear regression analysis, V' and OV'IO ,, and A/ij. The value A/?) can

be described as the load cell voltage per unit of applied stress.

3.2 Analysis of Harmonics

It was shown in [4] that under an applied stress of the form

s = s, + As sin1, (3.18)

where sm and As are the applied mean :tress and the amplitude of cyclic stress

respectively, and w is the frequency of loading, eqn(2.1) may be integrated to give

, A T I 1 9c E IE_ , 1 O E .2_( )
P. T ( a ) As sin wl4- (As) 2 cos2,,;/. (3.19)

To- E2 
m E 2 09T

Equation (3.19) shows that there are two frequency components in the tempera-

ture response arising from a sinusoidal change in stress. The htrst component is at
the fundamental loading frequency, w. and is dependent on both the cyclic stress

6



amplitude and the mnean stress. The second component, at the second harmionic.

2,,is dependent only on the cyclic amplitude of stress. The temperature respon~e.

AT. to change in stress mnay be described as

AT = as sin v; + bAs2 cos 2.,: (3-20)

where the ratio. b/a, for s, = 0, is

6 1 OEL
- =- __ -13 21)

Substituting eqn(3.l 1) itito eqn(3*20) givez:

A7 =a 2 ,N sin.+ b( AV)2Cos,a) (3 22)

.A .1

and the detector response is linearly proportional to AT. [lie ratio of V' t o a'.

where 6' is the amplitude of the detector response at 2., arid a' is that at _., is

= - --- ASl1 (3,.231)
(, a .4

Suibstituiting eqn(3.21 ) into eqn(3 23) gives the ratio of the mreasured amrplift tdes

b'/a'. as being.

V jjV A (3. 24)

Compa ring eqn (3.24) with Ii e ii3.57) shows

-~ ----- (3.25)

A technique lhasedl on eqn (3.25) was ived to (plaitifY I / I. Lt/Os... in [ ] for

6A I -V t itaniumr alloy. In [-Ij. a specimrien was c~cled about a zero ineari load for

various cyclic amrplituides. lThe -raw' detector response was anialysed ilsimig air F El

arialser (-raw'" detector ot iit refers to thle unrcorrebltd detlector responise). 'I he

., arid 2. comoent., (if the dectector rvs~potrise a, and V' in vqn)3.2.5) iev))tcTi vI.e

wer tlele ri ra'



3.3 General Response Law

Another means of indirectly quantifying the mean stress effect is via the general

response law, as described in [4]. It was shown that, by measuring the quadratic

nature of the thermal response to an applied stress, a value for the mean stress

dependence of the thermoelastic parameter may be derived. The general response

law is

poC T -T =(_ - S) - 2E'-(8 + S.) (3.26)

where s, is the stress at T = T.. By expansion ofeqn(3.26), it can be seen that the

change in temperature varies quadratically with stress as

AT a Iae + a~s 2 + k (3.27)

and that the ratio a 2 /ai is

al 1 OE-- = (3.28)
al 2oL'2 OT'

'.oni eqn(3.11), the actual measurel values can be described as

AT = a, 1 V + a2 ( )2AI' (:3.29,

.4 A

such that the ratio, a'/a'. of the coefficient of the second order term to that of

the linear component as determined by a regression analysis of the SPATE signal

against the load cell response is,

a2  a 2 ?1
- a (3.30)a 1 a, A'

the substitution of eqn(3.28) into eqn(3.30) gives

ta' _ r7 1 (9E2 (3.31)
al 2.4 aE 2 OT(

Comparing eqn(3.31) with eqn(3.5) shows

1 9K 2Aa, (3.32)
K o (s,9 1 1 a'



So, by investigating the quadratic nature of the detector response to applied

stress, the mean stress dependence of the thernmoelastic parameter mnay be quantified

in a similar xvay to that used in the analysis of the harmonic content of the teml-

perature response to a sinusoidal change in stress. The advantage of this method.

however, is that by making use of the general response law. a purely sinusoidal load

input is not required.

This method was used to measure I/K.0)K/ds_, for -13-10 steel and for GAl 4V

titanium alloy in [4]. To do this, the *ra%%v detector outpu~it wa~s firstly filtered thlirough

a 40Hz low- pass filter to remove a large coilipotietit Of t Ile 'White' 1tose anid 7011z

mains pick- tip which was evident onl the detector signal. Ad I.Naniic loading wNas

hen applied to the specimen which, whilst not necessarily sinuisoidal. must still give

a sufficient rate of change of stress for adiabat ic Condit ionls ito be ilia int a ied. The

filt ered detector responmse a i id thle load cell s igtia I were ii en collected for 2 secondul

1000 saiiples per chianntel ) onl a Hlewlett Packard _109tA Mlea,1-iu ree Plot lagl

Systeni. Thie data were t lieuall -e onl at coiin iei'. I le c'iiitjliti-e r agraili fit--A

had to realign thie dlata >''ts to account foui the tillia shift itroduc-ed b). tile filler

(his was Iliiuiied b)y passing Ihe load cell Signial I hiroli ghi a sIiiiifar tilt er). A

regression anlsi iaste performed to1 fit a curv oif (he formi of ettt(32) 2!) I(
results, of ( lie regression analys is were tlsed to demelitiiie a liuoruiialii'd ieaIl of

thu( meani stress, dependence as, hlowni in eqit 112 I.

lFor thle 13 10 Steel spec imvel. it wa, fia ond IIi at aal l relw It fm 11- 4 IiiatO

a(I, i s describedi in (( 3.32) coil I b le t~Ii td o'n11 I', '11i ~iI-c wr~ailpilld-

of (il0NlIIa or greater. As a conisequtenlce, ltta~tireteter takii fm- clic I-A

ampillitutdes ranginig fromi G20.\lPa to S70Nl Pa.

9



4 RESULTS

Three materials considered here are Ti-6AI-4V, AI-2024 and 4340 Steel. The rele-

vant material properties for these materials are given in Table (4.1).

Material a E 9E/OT
(K-') (MPa) (MPa/K)

Ti-6AI-4V 9.0 x 10- 1 1.11 x t0 -48.0
A1-2024 2.3 x 10' 7.20 x 1(1

4  -36.0
4340 Steel 11.2 x 10 - 6 2.10 x 101 -56.7

Table (4.1) Material properties for the three alloys tested.

The results for the mean stress dependence of these materials and the ineans

by which they were achieved are given in Table (4.2).

OK/Os, K.- (MPa - 1)

Material

Theory Eqn.(3.5) Ii. 2. 3. 4.

Ti-6AI-4V 4.33 x 10- 1 4.29 x 104121 4.52 x 10
- 4 1

' 4.28 x 10 - 4 t
"

Al-2024 3.02 x 10
- 4  3.19 x 10

- 4[ - -

4340 Steel 1.15 X 10 - 4  
- .25 X 10 - 4  1.10 x 10- 1

'1. Recording the correlator output for discrete mean stresses

2. Changing the mean stress with correlator output recorded using a data acquisition

system

3. Measurement of detector response at ; and 2,,

4. Analysis of quadratic nature of detector response

Table (4.2) Comparison of experimental and theoretical results for the mean

stres-s dependence of the thernmoelastic parameter.

10



5 DISCUSSION

As shown in Table (1.2). each lt,11 4 of oqlualiNt fill-, he I 'aii 1-c" r Ofs '-(I 4d'.ri'b

here produced %-allues in close agreemtenit wit It I ho-e lvre'l ictd I vt).N r\

T here are tw~o main purpo-es to tils work. I r t ithow that t'altibaii lil

of SlPATIE, taking- ititi accuttire tiieat stre('s effi't, cait he slict("'"fll\ Iwr-

ftt'tiled. sconllu l. to ptir'ln' Ihe pos iI 'ih te' of thel iii,' i 'an1ir p (.'i

woul Il e ideal to lie ablle to mneasu re thle t hen toelu'.t i( C ja an letti, anld. frutit] Il iec

using the material cotnstanits. inifer tire residual Ftr-e. ilet prolen withI t hi,

that to bie able to determine the tlierntioelastir parainel'er. lte appIliedl st ress mtiit

lbe kntownii. Ili practical appl ica tions, it Iiiliisi be ass IIi it'( thIiat tilie appl)1ied sitreses

will be list as, tmiuch iof art tinknIown as a ti) rev.itIua I si i'C55e5 wichi In a\ exist . [lie

methd u1(5tsed here' (that is. (jiati fytng I /IK .d x /is,, are( not Suffictent to show~~

residual stresses, This is because. as can be seeni iti eqltions (3.23) andi (3.30), tile

applied stress per unit of load cell voltage must bep known. Whlere it is p)ossible to

mieasure residual stress, however, is in taking ineasuremtents of the two components

of equation (3.19) such that, with these measurements, this equation may be broken

up into two parts and treated as two separtate equations wvith Its arid s,, being the

two unknowns. This can be shown by rewriting equation (3.19) to make AT the

subject

AT=_T (( iI s) A,'n + I IE,, 2 cos24. (5.1)

Letting a' atid 6' be the amplitudes of the detector response at ~'and 2.. it can be

seen that

a - - - A(a (5.2)

and.

6 To I t9E ., (A3

11



where k is a detector response factor.

Equation (5.3) may be rearranged to give

AS kb'p.C, 4E 2 (54
-  A -- T0  OE/8T (5.4)

and, since for most practical applications with metals (a - l/E 2 0E/0Ts,) > 0.

equation (5.2) gives

a -ka'pC, +) E 2

T.As + OE/OT (55)

Substituting (5.4) into (5.5) will give the mean stress at any point. This is slightly
more complex than the analysis presented here because two more material proper-

ties. the density, p.. and the specific heat at constant strain, C,, are required. If
these material properties are not available then the results may still be calibrated

by having a strain gauge in a region of uniform cyclic stress amplitude such that
equation (5.4) may be equated with the strain gauge data. A quadratic analysis via
the general response law may be treated in a similar manner. Such signal process-

ing will offer the possibility of producing area scans showing both cyclic and mean

st resses.

Given the signal processing equipment and techniques used to date, it has been

found that prohibitively high cyclic stresses are required to give consi.,tent values for
b and a2 it equations (3.23) and (3.30) respectively. More work is required todevelop

better signal processing techniques such that these numbers may be successfully

extracted for much smaller cyclic stresses. With this, area scans showing residual

,tresses will become a practical proposition.

12



6 CONCLUSION

The inean stress dependence of the thernioelastic parameter was experimentally

determined and collated. together with the results from [1] and [3]. in this report

for three alloys using four different techniques. In each cave. good correlation I-

tween the experimental results and the theoretically predicted %ahnies were fountd.

This suggests that the theory can be confidently used to predict the mean stress

dependence for other alloys given the required material properties.

Further work is required to show that the mean stress dependence of the

thernioelastic parameter may be used to measure residual stre-ses in a practical

situation.
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APPENDIX 1

SPATE 8000

SPATE is an acronym for Stress Pattern Analysis by measurement of Thermal Emis-

sion. The SPATE 8000 is manufactured by Ometron Ltd. in the U.K. and is a device

for non-contact stress measurement by determining the change in temperature of a

body as it undergoes a change in stress. This change in temperat ure is as described

by the thermoelastic effect.

Once a body undergoes a change in stress, resulting in a change in temperature,
the laws of heat transfer dictate that the body must return to the ambient tem-

perature once the source of heat generation is removed. To be able to measure the

maximum temperature change due to the changing stress, the body must undergo

a constantly changing or cyclic stress at a sufficient rate for adiabat ic conditions to

be maintained. This means that the rate of change of stress must be sufficient for
there to be little or no heat transfer from one point to another during the period of

the cycle.

The changes in temperature generated by theses stress changes is measured

using a liquid nitrogen cooled infra-red detector. A cyclic reference signal may be
extracted from a load transducer or an accelerometer. This reference signal along

with the signal from the infra-red detector are then analysed using a Brookdeal

correlator. The correlator serves to extract the component of the infra-red detector

signal that is at the frequency of the reference signal, or the frequency of loading.

Such correlating has two main advantages. Firstly, the recorded SPATE signal is
relatively insensitive to external thermal and electrical influences at anything but

the frequency of loading. Secondly, SPATE has a very high sensitivity at the fre-

quency of loading giving it a temperature resolution of 0.001K. This temperature

resolution corresponds to changes in stress of IMPa in steels and titianium alloys

and 0.4MPa in aluminium alloys.

The optics of SPAT E give it an opt imum spatiai resolution of 0.5 mm diame-

ter with the detector 250tmi from the specinen. This spatial resolution decreases

linearly with the distance between the detectur and the slpec,.tten such that at 1lm

the spot size is of 1.25mm diameter.
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To increase the thermal emissivity of a specimen, c in equation (3.6). it is

painted with a heat radiating paint with an c of 0.92 (the emmissivity of bare

metals is commonly around 0 2).

In the normal use of SPATE, scan limits are specified on the specimen ard

the desired resolution is input (the resolution defines the number of scan points

along the longest edge of the specimen). An integration time per point is entered

and a raster scan performed, the results of which are displayed in real time on a

colour monitor. The scan data are held in temporary storage in solid state computer

memory and may be transferred to floppy disc for permanent storage. Scan data

may also be transferred to a host computer via an RS232 C link.

15
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