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A novci test mcthod cnahiing rcsidnal strzss in non-Scr~o- 
magnetic metal objects to he reliably ncasured which 
rcquircs particular circuit ~ l e m c n t s  in thc aitcrnating curmen1 
bridgc circuit being cmploped for measurement to be envi- 
ronrncntally controlled. In doing so, [he selecied circuit 
resistor elernenis are thermally isolated in a. mmmcr enabling 
lift-oPI'impedxcc values to non-destmctivcly rncasurc near- 
surlace rcsiduai strcss in the metal objeci being tcstcd. 

11 Claims, KO Drawings 
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I 
EDDY CURRENT T E S T  hIET11OL~ FOR 

KESIDCAI, STRESS I\ 
\03-FERROMAGNE7'iC kIETAL OB,TEC'I'S 

BACKGROUhD OF THE Ii\VEKTlON 

'l'his invention rclares generally to a lest mclhod Ibr 
determining residual srrcss in non-rcrromagnctic metal 
nhjccts and more pcrticularly to a novel 2ddy current mca- 
suscmcnt psoccdurc cnabling extremely minor conductivity 
changcs in such metal objects to now be reliably measured. 

As a non-desiructive lest procedure, cddy cuncnl  mca- 
surc~ncnt has long baen cinpioycd lor dctcction of rclativcly 
macroscopic defects or compositionxi variations in non- 
fcrromagnelic metal objects such as surface and sub-surface 
cracks or flaws. irregulnrities in material structure and still 
other variations in metallurgical characteristics. Various 
commercially available tcsting cquipnicnt is cmploycd Sor 
such mcasurcmcnts :o include automatically controlled mca- 
surement means such as thc smar: Eddy1\[ aystem, manu- 
factured by Fa.4A Products Corpor:ltion, Menlo Park, Calif.. 
which utilizes sol'twarc programmed general purposc co~ri- 
putcr means operatively associated w:th an alternating cur- 
reni bridge measuring circuit. The commercially available 
tcst equipment does not reliably detect much smaller con- 
ductivity changes resulting Srom residual strcss In thcsc 
mctal objccts, howcvcr, thcrcby requiring still other mcans 
for mcasurcmcnt of thcsc important physical characieristicr. 
To icrtllcr explairi, residual s t r z s  in tiianiurn and aluminum 
alloys such as nerr surface compression or tension resuliing 
from mechanical aclion such as shot-peening or  rolling has 
not thus Far been reliably detected with the commercially 
available test equipment. Thus, a customary displacement or 
lift-off mcasurcmcnt proccdurc cmploycd with the commer- 
cially available test equipment docs not produce accurate 
impedancc level changes indicative of the rcsidual stress 
condition existing in the mctal objcct being tested. It remains 
desirable, iheref'ore, to find an alicmate lest procedure 
whcreby extremely small impedance level differences attrib- 
utable to the existing stress condition in the tested metal 
object is reliably detected. 

Accordingly, 11 16 an Important object of the prcaeni 
inuentlon, therefore, to prov~de an cxtremcly x n w v c  eddy 
currcnt test proccdure for mcasurement 01 r e s ~ d u d  Ptress In 
non ierromagneilc metal objects 

It is mother important object of the present invention to 
modify conveniiond eddy current tesi equipmcnt in a man- 
ner enabling accurate delection of the existing rcsidual stress 
condition in non-ferromagnetic metal objects. 

It is a still further important object of the present invention 
to  significant!^ increase the dctection scnsilivity ofconven- 
tional cddy current test equipment in a simplified manner not 
requiring extensive moditication o l  its component parts. 

These and further important objects of the present inven- 
tion will become more apparent upon considering the fol- 
lowing detailed description or  the present invention. 

SUMMARY O F  THE INVENTION 

PL has now been discovered, surprisingly, that extremely 
sensitive dctection of the exisling strcss condition in non- 
i'crromagnctic metal objects has been provided by exercising 
particular environmental controls during the tcst procedure. 
Basically, critical circuit elements in an olherwisc convcn- 
iional alternating current bridge circuit being employed arc 
now operated in a particulu manner so as to become 

rcintiveiy insensttivc to cnvironrncntd lluctuations expcri- 
cnccd during the mcasurcmcnt. To carry oui the prescrit tzs: 
method lor dctermining I-esidua! sircss cntails (a) contacting 
thc surfacc of said non-lcrron~agnctic mctai objcci hcing 
tcsicd with a probe device having spaced r.part identical 12s: 
and comparison induction coils suitable for opertition i ?  \he 
frequency rangc Srom about 100 KILz to about 10 Milz,  the 
icst coil in said prohe device being placcd a?jaccni thc 
contacted surrace, (b) the tcst and comparison ~riduction 
coils of said probc device provid in~  bridgc arms in an 

'"dliemating current bridge circuit ;'orrned In combination 
with rcsistor eicments. said rcsistor elements exhibiting the 
same resistance characteristics inciuding a relatively low 
thermal coellicient value, and wiih ail rcsistor clcrncrits in 
said bridge circuit bcinp physicaiiy maintained together ior 

15 operation in a temperature range whcre rcsistarice changc 
with tempcraturc changc is minimal, (c) energizing said 
bridge circuit in an operating frcqucncy in Lhe range from 
about 100 KHz up to a b o s  10 MHz causing sell'-inductance 
cddy current flow in both induction coils of said probe while 

20 remaining in conpact with the surface nf said non-fenornag- 
nctic metal objcct. (dl balancing thc bridge circuit during 
said operating conditions. (e)  displacing thc probc device 
from thc suribcc of said non-ferromagnetic object while still 
maintainirg the hridge circuit at the same operating condi- 

25 tions io determine any impedmcc ciiangc attribuiable 
thercto, (t] repeating steps (a)  thru (e) with the probc device 
at the sanic opcra~ing conditions while employing a rela- 
tively stress free non-l'erromagne~ic metal object having the 
sanic inctallurgical ci~xactcristics as the aircady tested non- 
i'enomagnctic metal object, and [g) comparing the imped- 

3 0 
ance change obtained upon probc displacement Tor !he 
individual non-icriromagnelic objects for any difference 
found thcrchctween, such d i f h x x e  determining the amount 
oS residual stress cxisting in the non-ferromagnetic metal ,, objcct being tested. Conducting such test procedure in ihc 
foregoing manner has been found to incrcasc mcasurcmcnt 
sensitivity by a factor o f  ten or more with the impedance 
value change being detected lo an dccurdcy of dt l c ~ s t  hvc 
parts per million 

4o Proper operation of the commercially supplied a1ternat;ng 
current bridge circuit in the abovc identified smart Eddy1\' 
tcst equipmcni for conlbrmity with thc above test proccdure 
required but a relaiively simple modification. Morc pmicu- 
lady, the four principal 50  ohm resistor elements incorpo- 

4j rated in the supplied Detector Board Bridge Input and 
Amplifier component oPsaid tcst equipment wcrc physically 
removed For replacement and relocation. In so doing, resls- 
tor elcrnents were substituted having the same rcsistancc 
value but which exhibited relatively little resistance change 

50 uvcr a range of about 20" C. from a nominal 35" C, 
measurement temperature. As an additional modification, 
the substituted rcsistor elements were physically joined 
together with conventional synthetic polymer adhesive 
thcrcby reducing sensitivity of the modified bridge mcasur- 

jj ing circuit to thermal fluctuations. Optional physical cianip- 
ing of the supplied probe device in ihe illustra~ed test 
equipment provided further vibration isolation during mea- 
surement to be  achicvcd such that the modified hridge 
circuitry could now be balanced and remain i~a l ru icd  to 

60 ~ ' i t h i n  one or  two parts per mil!ion of impedance change 
over time periods of one minute or more for the first timc. 
As a result, titanium dloy  samples subjected to shot-peelung 
treatment wcrc tested and found to exhibit near surface 
residual s!rcss in the order of ten to one hundrcd pan5 per 

65 million. 
Probe devices suitable for conduct~ng ihe mesent eat 

procedure can be I'um~shed by the abo\e named test e q u p  
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mcnt manufacturer in ~ h c  designated opcrating lreclucncy 
range. In general, such probe devicc employs a pair of 
spaccd apart tcst and comparison induction coils entirely 
sealcd within an clcctrically non-conductive jackct, said tcsl 
coil bcing suEicicntly adjaccnt to the jacket wall to induce 
eddy currcnl now in the non-fcrrornagnctic mclal object 
being tested upon probe placement in physical contact 
therewith while said comparison coil is positioned remote 
therefrom and with said test and comparison coils being 
elcctrically interconnected to serve as bridgc arm compo- 
nents in the altcmating currcnt bridge circuit further elcc- 
trically con~~cctcd to said probe devicc. Electrical connec- 
tion of said probe dcvrcc to the alternating bridge circuit also 
gencrall) employs individual conduclor elements connected 
to each induction coil in cornbication wiih a common 
conductor element connecting both induction coils. The 
elcctrically non-conductive jacket for said probc devicc can 
be rormed with conventional synthetic organic polymer 
materials. 

DETAILED DESCKIPTION O F  TI -E  
PREFERRED EMBODLVENTS 

A shot-peened tltanium based alloy contamng approw 
matcly six wcight per cent aiuminum and four weight 
vanadlum R a s  non-destructively measured in accordance 
with the abovc defined me~hod to determine near surface 
resldual stress in the top surface reglon extending about 0.3 
millimetcrs in depth The test procedure was conducted on 
small samples havmg approx~matcly 0 2 c u b ~ c  mll1meter5 
volume emp1o)ing a commercial smart Eddjl\ l  3.0 lest 
cqulpment ~ h i c h  had been mod~fied as further above 
defined T h ~ s  tcst equipment cons~stcd of the host computer, 
the assoclatcd software, thc Instrument circull module 
lncludmg the aforcmentloncd hndge measunng circuit and 
fum~shed test probes dcsgned lor hlgh frequency operation 
in thc range 2 MH/ to 10 MHL In accordance with the 
present test procedure, increasing measurement sensitivity 
first entailed equipment modification in the previously 
defined manner to include replacement and relocation of the 
50 ohm bridge arm resistor elements in the f'urnished circuit 
module together with isolating the so modified equipment 
from mechanical vibration. The [our bridgc arm resistor 
elements selected for replacement had approximately five 
parts per million temperature coeflicients. Prior to such 
modification, temperatures of the probc, test sample and 
bridgc measuring circuitry were observed to fluctuate over a 
range of about 6" C. which rcsulted in apparent random 
surface impedance fluctuations, some ten times those ulti- 
mately measured after the above defined equipment modi- 
fication. 

The particular measurement procedure conducted with 
the above modified test equipment entailed lifting the probe 
devicc from the sample being tested to generate the custom- 
ary lift-off curve. This equipment enables the axes of the 
impedance curve to be rotated and expanded on the com- 
puter display screen with only changes in the probe imped- 
ance being displaced as percentage valucs (100 11212). With 
such procedure, it now becomes possible to dctect impcd- 
ance change attributable io shot peening in the samples 
being tested to a typical level as small as 0.006 percent. On 
the other hand, samples having a shot peening depth less 
than a nominal 0.25 millimeter could not be reliably mea- 
sured with the tests conducted. 

The titanium alloy samples tested in the foregoing manner 
for residual stress attributable io shot peening were sections 
of hot rolled shcet measuring 1 0 0 ~ 1 0 5 ~ 1 2 . 7  millimeters in 

sue  Edch samplc wa\ jhot pecnrd over t ~ o  ~hlrds oi its 
surracc ~ r c d  ~51th the Lcntcr one third scctlon Iheing covered 
wlth tape to protect thc covered a m  from shot pcmng  
actLon A scncs or tcst masuremepts on lhcse sarnpici was 
conducted with a lest probc designed for 5 \/Itl/ dnving 
frequcncy ai operating ~requcncics of 2 W I z ,  7 MI I L  and 10 
MHz Pnor to measurement thc tesi samplcs were zlso 
carefully polished o\cr a partmi surrace section to dcicrmmc 
any posslblc c k c i s  of surface distortton caused by the shot 
peening process S a d  test measurcrncnls wcrc turthcr con- 
ducted at nominal measurement tcmperalurcs of approxi- 
mately 35" C so ds to be maintained withn the approxi 
matcly 20" C temperature range wherc resstancc change of 
the replacement reslstor elements remmns m~nlmal Thc 
relat~vcly mlnutc impeddnce changes duc to shot peening 
Induced cornprcsslve sti-css In thc tested samples are 
reported in the Table below 

TABLE 

20 

Sample 2 MHz 7 MHz 10 MHz 

HI (unpolished samplc) 70 130 130 
25 HI (pollshcd sample) 60 120 90 

#2 (unpol~shed sarnplc) - 145 - 

113 (unpolished sample) 20 50 10 
ff3 (pohshcd samplc) 50 10 40 
tW (unpohshcd sampl:) 50 70 40 
H4 ( p o l ~ ~ h c d  smple)  80 60 70 

10 
It is first apparent from the above test mcasuremcnts thai 
irregularities in the shot pecned surcace produce\ onl) 
~ns~gnificant vanatlon In the ~mpedance changes resulting 
from the shot peening actlon It is fi~rther ev~dent from s a d  

35 measurements that shot pccnliig c d u m  higher ~mpedance In 
the near surface reglon of the samples In every case It 
follows therefrom thdt such decrcasc in conductlvlt) 
induced In non-Cerromagneuc metals can now be accuratelj 
measurcd m accordance wilh thc hcrein mproved measurc- 
mcnt procedure. 

It will be apparent from the loregoing description that a 
broadly useful and novel non-destructive test mcthod for 
determining residual stress in non-ferromagnetic nieta! 
objccts has been provided now enabling extremely sensitive 

,15 measurement of minute near surface stress values. It is 
contemplated that such mcasurernenl procedure can be 
employed for a broad range of non-ferromagnetic metal 
materials other than specifically illustrated herein, however, 
to include measurement of residual stress resulting i?om 

50 applied mechanical forces other than shot peening or rolling. 
Likewise, it is contemplated that the herein disclosed test 
procedure can be carried out with other test cquipment 
employing alternating currcnt bridgc measuring circuitry 
means than hcrein illustrated, such as various manually 

j5 operated forms of such test equipment. Conscqucntly, it is 
intended lo limit the present invention only by the scope of 
the appended clai~ns. 

What I claim as new and desire to secure by letters Patent 
of the United States is: 

6 0  1. A test method to determine residual stress in a non- 
ferronmgnctic metal object whlch comprises: 

(a) contacting the surface of said non-ferromagnetic metal 
object with a probe device having spaced apart idcnti- 
cal test and comparison induction coils suitable for 

65 operation in the frequcncy range from 100 KH7. up to 
about 10 MHz, the probe devicc being constructed so 
that only thc test induckon coil in said probc device 
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phyiically contacts [he surfacc oi' the no:]-;'erramag- nie~al objects for any dilkrence Sound thcrc-bctwecn to 
nc ic  me!ai object b m g  ~csicc! whilc the comparison an accuracy or :it Icast five parts ?er million. said 
inductior coil in said probc dcv:cc rcmainj physically diifcr:nce detcrmin:ng the amount of residual stress 
posilioned remote thercirom. existing in thc non-ierrornagnctic rnetvl objcct being 

tcstcd. (b) the test and comparison Induct:on coils or said ?robe 2. The mcthod of claim 1 whereby residual strcss existing 
dcvicc providing bridge arms in an alternating currcnt primarily in the near surfacc region o!' z non-icnornagnetic 
bridge circuit f'ormcd in combination with resislor metal object is detected. 
clcmccts exhibiting the same resis~ancc chwacieris~ics 3. The method of claim 2 whereby the residual surface 
including arelatively iow thermd coellicicnt value, and suess i n  a non.fcrTomagnetic met;ll she; peening 
with all rcsisior elements in said bridge circuit beinp detected, 
kept isolated at a remote physical location enabling 4. The method o f  claim 2 whereby thc residual surlacc 
oper~tion jn a temperature range varying no more than stress in a non-ferromagnetic metal object nftcr mechanical 
: ~ b ~ u t  20' C. [tom the temperaiurc at which [he rcsis- rcllliig ia deiected. 
iance value for the rcsivtor elements is minimum, 5 ,  Thc method of claim 1 whereby the residual stress in a 

[c) encrgiLing the bridge circuit Yt an operating kequcncy '" nor>-[el-romagnctic nictal objcct fabricated with litmiurn 
in thc rmgc frorn about lit0 KIIz  up to about 10 MHz alloy i s  dcLected. 
caiising sclf.inductnnce eddy no,,, i n  both 6. ' h c  method of cliirn 1 whereby tiic operating ire- 

~r l~u , . t io r l  coils or  s i d  probe dcvicc wllile [hc iesi coil qucncy determines the depth in n non-ferromapnetic mela! 
i n  said device :emains in coniact t ~ c  sur!acc ohje" 10 which rcsidual stress is detected. 
of said non-fcrromagnctic mctd  ohjecL, 20 7. The method of' claim I whereby the size and shape oi' 

the coil probe determine proper operation in  he specified (dl balxcing the bridge circuit during said operaring 
conbitions so as to remain halanced to within Icss than frequency 

8. The method of claim 1 wherein all resistor clemcnls in two p a n s  per million o l  impedance change over a time 
the al~ematiiig current bridge measuring circuit arc physi- period o l  at lcast one minute, 

25 cally joined together. 
!el displacing the probe device from the surfacc of said 9. Thc method o l  claim 8 wherein said rcsistor clen~cnts 

non-ferromagnetic metal object while still maintaining ,,, physicdly joined with ar. cleclricdly "on- 
thc bridge circuit at [he same operating conditions to 
determine the impedance change attributable thereto, 10. The method of claim 1 wherein said detection o f  

(I] repeating steps (a) t h r ~  (e) with the probe device at the 30 residual stress is carried out automatically utilizing pro- 
same operating conditions while employing a relatively grammed computer means operatively associated with [he 
Stress bee  non-i'erroma$IX!tic metal object having the alternating currerlt bridge mczsilring circuit. 
same metallurgical characteristics as the already iested 11. The method of claim 10 wherein isolation from 
non-ierromagnetic metal object, and mechanical vibration is also prolided. 

(g) compa+;ng the impedance change obtained upon probe 35 

displaccmcnt for thc individual non-ferromagnetic * * :,: :< 
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