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[57] ABSTRACT

A novel test method cnabling residual stress in non-ferro-
magnetic metal objects to be reliably measured which
requires particular circuit elements in the alternating current
bridge circuit being employed for measurement 1o be envi-
ronmentally controlled. In doing so, the selected circuit
resistor elemenis are thermally isolated in a manner enabling
lift-off impedance values to non-destructively measure near-
surface residual stress in the metal object being tested.

11 Claims, No Drawings
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EDDY CURRENT TEST METHOD FOR
RESIDUAIL STRESS IN
NON-FERROMAGNETIC METAL OBJECTS

BACKGROUND OF THE INVENTION

This invention relates generally to @ test method for
determining residual stress in non-ferromagnetic metal
objects and more particularly Lo a novel eddy current mea-
surement procedure cnabling extremely minor conductivity
changes in such metal objects to now be reliably measured.

As a non-destructive test procedure, eddy curreat mea-
surcment has long been employed [or detection of relatively
macroscopic defects or compositional variations in non-
ferromagnetic metal objects such as surface and sub-surface
cracks or flaws, irregularities in materal structure and still
other variations in metallurgical characteristics. Various
commercially available testing equipment is employed for
such measurements i0 include automatically controlled mea-
surement means such as the smart Eddy'™ system, manu-
factured by FaAA Products Corporation, Menlo Park, Calif.,
which utilizes softwarc programmed general purpose com-
puter means operatively associated with an allernating cur-
rent bridge measuring circuit. The commercially available
test cquipment does not reliably detect much smaller con-
ductivity changes resulting [rom residual stress in these
mctal objects, however, thereby requiring still other means
for measuremnent of these important physical characteristics.
To further explain, residual stress in titanium and aluminum
alloys such as near surface compression or tension resulting
from mechanical aclion such as shot-peening or rolling has
not thus far been reliably detected with the commercially
available test cquipment. Thus, a customary displacement or
lift-off measurcment procedure employed with the commer-
cially available test equipment does not produce accurate
impedance level changes indicative of the residual siress
condition existing in the metal object being tested. It remains
desirable, therefore, 1o find an alternate iest procedure
whereby extremely small impedance level differences atirib-
utable to the existing stress condition in the tested metal
object is reliably detected.

Accordingly, it is an imporant object of the present
invention, therefore, to provide an extremely scnsitive eddy
current test procedure for measurement of residual stress in
non-ferromagnetic metal objects.

It is another important object of the present invention to
modify conventional eddy current tesi equipment in a man-
ner enabling accurate detection of the existing residual stress
condition in non-ferromagnetic metal objects.

It is a still further important object of the present invention
to significantly increase the detection sensitivity of conven-
tional eddy current test equipment in a simplified manner not
requiring extensive modification of its component parts.

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

SUMMARY OF THE INVENTION

It has now been discovered, surprisingly, that extremely
sensitive detection of the cxisting stress condilion in non-
ferromagnetic metal objects has been provided by exercising
particular environmental controls during the test procedure.
Bagically, critical circuit elements in an otherwise conven-
tional alternating current bridge circuit being employed are
now operated in a particular manner so as to become
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relatively insensitive to environmental flucluations experi-
enced during the measurement. To carry out the present Lesy
method {or determining residual siress entails (a) contacting
the surface of said non-ferromagnetic metal object being
tested with a probe device having spaced apart identical west
and comparison induction coils suitable for operation in the
frequency range from about 100 KHz to about 10 MHz, the
test coil in said probe device being placed adjacent the
contacted surface, (b) the test and comparison induction
coils of said probe device providing bridge arms in an
alienating current bridge circuit formed in combination
with resistor elements, said resistor elements exhibiting the
same resistance characteristics inciuding a relatively low
thermal coefficient value, and with all resistor elements in
sald bridge circuit being physically maintained together for
operation in a lemperature range where resisiance change
with temperature change is minimal, (c) energizing said
bridge circuit in an operating {requency in the range {rom
about 100 KHz up to about 10 MHz causing self-inductance
eddy current flow in both induction coils of said probe while
remaining in contact with the surface of said non-ferromag-
netic metal object, (d) balancing the bridge circuit during
said operating conditions, (e) displacing the probe device
from the surface of said non-ferromagnetic object while still
maintaining the bridge circuit at the same operating condi-
tions to determine any impedance change atiribulable
thereto, (f) repeating steps (a) thru (e) with the probe device
at the samc operating conditions while employing a rela-
tively stress free non-ferromagnetic metal object having the
same metallurgical characteristics as the already tested non-
ferromagnetic metal object, and (g) comparing the imped-
ance change obtained upon probe displacement for the
individual non-ferromagnetic objects for any difference
found therchetween, such difference determining the amount
ol residual stress existing in the non-ferromagnetic metal
object being tested. Conducting such test procedure in the
foregoing manner has been found to increasc measurcment
sensitivity by a factor of ten or more with the impedance
value change being detected to an accuracy of at least five
parts per million.

Proper operation of the commercially supplied alternating
current bridge circuit in the above identified smart Eddy*™
test equipment for conformity with the above test procedure
required but a relatively simple modification. More particu-
farly, the four principal 50 ohm resistor elements incorpo-
rated in the supplied Detector Board Bridge Input and
Amplifier component of said test equipment were physically
removed for reptacement and relocation. In so doing, resis-
tor elements were substituted having the same resistance
value but which exhibited relatively little resistance change
over a range of about 20° C. from a nominal 35° C.
measurement temperature. As an additional modification,
the substituted resistor elements were physically joined
together with conventional synthetic polymer adhesive
thereby reducing sensitivity of the modified bridge measur-
ing circuit to thermal fluctuations. Optional physical clamp-
ing of the supplicd probe device in the illustrated test
equipment provided further vibration isolation during mea-
surement to be achieved such that the modified bridge
circuitry could now be balanced and remain balanced to
within one or two parts per million of impedance change
over {ime periods of one minute or more for the first time.
As a result, titanium alloy samples subjected to shot-peening
treatment were tested and found to exhibit near surface
residual stress in the order of ten to one hundred parts per
million.

Probe devices suitable for conducting the present test
procedure can be furnished by thc above named test equip-
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ment manufacturer in the designated operating [tcquency
range. In general, such probe device employs a pair of
spaced apart test and comparison induction coils entirely
sealed within an clectrically non-conductive jacket, said test
coil being sufficiently adjacent to the jacket wall to induce
eddy current flow in the non-ferromagnetic metal object
eing tested upon probe placement in physical contact
therewith while said comparison coil is positioned remote
therefrom and with said test and comparison coils being
clectrically interconnecled to serve as bridge arm compo-
neats in the altemating current bridge circuit further elec-
trically connected to said probe device. Electrical connec-
tion of said probe device to the alternating bridge circuit also
generally employs individual conductor elements connected
to cach induction coil in combination with a common
conductor element connecting both induction coils. The
clectrically non-conductive jacket for said probe device can
be {ormed with conventional synthetic organic polymer
materials.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A shot-peened titanium based alloy containing approxi-
matcly six weight per cent aluminum and four weight
vanadium was non-destructively measured in accordance
with the above defined method to delermine near surface
residual stress in the top surface region extending about 0.3
millimeters in depth. The test procedure was conducted on
small samples having approximately 0.2 cubic millimeters
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volume employing a commercial smart Eddy'™ 3.0 test

equipment which had been modified as further above
defined. This test equipment consisted of the host computer,
the associated software, the instrument circuit module
including the aforementioned bridge measvring circuit and
furnished test probes designed for high frequency operation
in the range 2 MHz 10 10 MHz. 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 clements in the furnished circuit
module together with isolating the so modified equipment
from mechanical vibration. The four bridge arm resistor
clements selected for replacement had approximately five
parts per million temperature coeflicients. Prior to such
modification, temperatures of the probe, test sample and
bridge measuring circuitry were observed to fluctuate over a
range of about 6° C. which resulted 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
device 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 cxpanded on the com-
puter display screen with only changes in the probe imped-
ance being displaced as percentage values (100 AZ/Z). With
such procedure, it now becomes possible to detect imped-
ance change attributable to shot peening in the samples
being tested 1o 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 atiributable to shot peening were sections
of hot rolled sheet measuring 100x105x12.7 millimeters in
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size. Each sample was shot peened over two thirds of its
surface arca with the center one third section being covered
with tape to protect the covered area from shot peening
action. A scrics of test measurements on these samples was
conducted with a test probe designed for 5 MHz driving
frequency at operating {requencies of 2 MHz, 7 MHz and 10
MHz. Prior (o measurement the test samples were 2lso
carefully polished over a partial surface section to determine
any possible cffects of surface distortion caused by the shot
peening process. Said test measurements were further con-
ducied at nominal measurement temperaturcs of approxi-
mately 35° C. so as to be maintained within the approxi-
matcly 20° C. temperature range wherce resistance change of
the replacement resistor elements remains minimal. The
relatively minute impedance changes due to shot peening
induced compressive siress in the tested samples are
reported in the Table below.

TABLE

Fractional Impedance
Change (AZ/Z, x 107%)

Sample 2 MHz 7 MHz 10 MHz
#1 (unpolished sample) 70 130 130
#1 (polished sample) 60 120 90
#2 (unpolished sample) — 145 —
#3 (unpolished sample) 20 50 30
#3 (polished sample) 50 40 40
#4 (unpolished sample) 50 70 40
#4 (polished sarple) 80 60 70

It is first apparent from the above test mcasurements that
irregularities in the shot pecned surface produces only
insignificant variation in the impedance changes resulting
from the shot peening action. It is further evident from said
measurements that shot peening causes higher impedance in
the near surface region of the samples in every case. It
follows therefrom that such decrease in conductivity
induced in non-ferromagnetic metals can now be accurately
measured in accordance with the herein improved measure-
ment procedure.

It will be apparent from the foregoing description that a
broadly useful and novel non-destructive test mcthod for
determining residual stress in non-ferromagnetic metal
objects has been provided now cnabling extremely sensitive
measurement of minute near surface stress values. It is
contcmplated that such measurement 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 from
applied mechanical forces other than shot peening or rolling,
Likewise, it is contemplated that the hercin disclosed test
procedure can be carried oul with other test cquipment
employing alternating current bridge measuring circuitry
means than herein illustrated, such as various manually
operated forms of such test equipment. Consequently, it is
intended to limit the present invention only by the scope of
the appended claims.

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

1. A test method to determine residual stress in a non-
ferromagnetic metal object which comprises:

(a) contacting the surface of said non-ferromagnetic metal
object with a probe device having spaced apart identi-
cal test and comparison induction coils suitable for
operation in the frequency range from 100 KHz up to
about 10 MHz, the probe device being constructed so
that only the test induction coil in said probe device

Coov provided by USPTO from the CSIR Image Database on 12-15-1459



5,610,515

5
physically contacts the surface of the noa-ierromag-
ncic metal object being tested while the comparison
induction coil in said probe device remains physically
positioned remote there(rom,
(h) the test and comparison induction coils of said probe
device providing bridge arms in an allernating current
bridge circuit formed in combination with resistor
elements exhibiting the same resistance characteristics
including arelatively iow thermal coefficient value, and
with all resistor elements in said bridge circuit being
kept isolated at a remote physical location enabling
operation in a temperature range varying no more than
about 20° C. from the wemperature at which the resis-
iance value for the resistor elements is minimum,
(c) energizing the bridge circuil at an operating {requency
in the range from about 100 KIHz up to about 10 MHz
causing self-inductance eddy current flow in both
induction coils of said probe device while the iest coil
in said probe device remains in contact with the surface
ol said non-ferromagncetic metal object,
(d) balarcing the bridge circuit during said operating
conditions so as to remain balanced to within less than
two parts per million of impedance change over a time
period of at least one minute,
{¢) displacing the probe device from the surface of said
non-{erromagnetic metal object while still maintaining
the bridge circuit at the same operating conditions to
determine the impedance change attributable thereto,
(D) repeating steps (a) thru {e) with the probe device at the
same operating conditions while employing a relatively
stress (ree non-ferromagnetic metal object having the
same metallurgical characteristics as the already tested
non-ferromagnetic metal object, and
(g) comparing the impedance change obtained upon probe
displacement for the individual non-ferromagnetic
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metal objects for any difference found there-between Lo
an accuracy of at least five parts per million, said
difference determining the amount of residual stress
existing in the non-ferromagnetic melal object being
tested.

2. The method of claim I whereby residual stress existing
primarily in the near surface region of 2 non-ferromagnelic
metal object is detected.

3. The method of claim 2 whereby the residual surface
stress in a non-ferromagnetic metal object after shot peening
is detected.

4. The method of claim 2 whereby the residual surface
stress in a non-ferromagnetic metal object alter mechanical
rolling is detected.

5. The method of claim 1 whereby the residual stress in a
non-ferromagnetic metal object fabricaled with titanium
alloy is detected.

6. The method of cleim 1 whereby tie operating {rc-
quency determines the depth in 2 non-ferromagnetic metal
object to which residual stress is detected.

7. The method of claim 1 whereby the size and shape of
the coil probe determine proper operation in the specified
frequency range.

8. The method of claim 1 wherein all resistor elements in
the alternating current bridge measuring circuit are physi-
cally joined Logether.

9. The method of claim 8 wherein said resistor clements
are physically joined together with an electrically non-
conductive adhesive.

10. The method of claim 1 wherein said detection of
residual stress is carried out automatically utilizing pro-
grammed computer means operatively associated with the
alternating current bridge measuring circuit.

11. The method of claim 10 wherein isolation from
mechanical vibration is also provided.
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- a double pole double throw reversing switeh belween g a muans coupled to said amplifier {or detecting the in
two dizgonally opposite coil terminals constituting a phase and quadrature components of a signal from said
first of said two diagonals; amplificd wherein in phase is with respect 1o said
voltage of said voltage generator;

. a variable frequency constant voltage generator con-

nected to diagonally opposite cotl terminals constitut- = h.a means for inlerpreting changcs in Suld. n phase and

ing a second of said two diagonals; f]tlfldrzlllll'c compuncnl.ﬁ as a lu(ngm)n ol frequency to
b : - o ) ) infer changes in material resistivity;

a low Naise hm‘lfl, band preamplifier, \vhcrcm s;ud . a means for converting resistivity differences oblained

pr_c:mipllhcr 'i‘lﬂ‘ll)]lllCS an U‘nhalcmcc vullugc_ n Sﬂl(]_ [tom the inferred ch;fnucs in matcrial resistivity into

bridge and said preamplitier is connected (o said pair ot " residual stress differences. .

diagonally opposite coil terminals;

- an amplifier connected to said preamplifier;
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