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[57]) ABSTRACT

A device for indicating accumulated fatigue in a se-
lected portion of a structural member. An elongate
electrically conductive foil coupon has crack initiating
slots of different sizes or shapes, or oriented at differ-
ent angles, in regions that crack in response to fatigue
and thus increase the electrical resistance between se-
lected points.- An adhesive securely bonds the coupon
to the selected portion of the structural member,
transmitting any- strain therein to the coupon, which
cracks at a lower level of accumulated fatigue than is
enough to crack the structural member in the selected
portion. Means responsive to the electrical resistance
between the selected points on the coupon provide
warning indications in time to avoid rupture of the
structural member.

21 Claims, 5 Drawing Figures
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1
FATIGUE INDICATION

BACKGROUND OF THE INVENTION

A number of devices have been developed in the past
to predict incipient fatigue failures in structural mem-
bers under limited and specific conditions. None of
them can be adapted broadly to a variety of structural
materials and loading conditions.

One device is based upon the fact that some materials
under variable loading accumulate plastic strain and a
corresponding change in electrical resistance. This de-
vice, sometimes called a fatigue lifetime gage, has a
limited range of sensitivity, and in its usual form is gen-
erally insensitive to low stress amplitudes which may
contribute significantly to structural fatigue damage.

Another device comprises a plurality of relatively
large - and thick monitoring strips or coupons, each
notched to fracture at a different level of fatigue dam-
age and attached mechanically, as by screws at oppo-
site ends, to. the structural member. Fracture of each
coupon may be noted visually or indicated by failure of
electrical continuity in appropriate circuits. Various
difficulties are encountered with this type of device, be-
cause it produces a stiffening on the structural member,
causes stress concentrations at the end attachment
points, and requires separate pre-fatigue calibration of
each strip to determine its notch sensitivity. Moreover
the strips are so large that they cannot fit into the high
stress ‘areas of many structural members, and are so
thick that they cannot be used satisfactorily on many
thin sheet members as they would not be certain to
fracture before the member itself would crack.

Still other techniques ‘have utilized various non-
destructive inspection methods involving the detection
of changes in the structural material itself by sonic, ul-
trasonic, or electromagnetic means. Experience has
shown that these systems require considerable effort in
inspection and involve great difficulty in effecting a de-
pendable correfation between the observed changes
and the fatigue damage accumulated.
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The present invention avoids the above mentioned

difficulties and disadvantages of prior fatigue indicating
devices and methods. v

SUMMARY OF THE INVENTION

A typical device according to the present invention
for indicating accumulated fatigue in a selected portion
of a structural member comprises an elongate foil cou-
pon having regions that crack in response to fatigue
therein, and adhesive means securely bonding the cou-
pon to the structural member in the selected portion to
transmit to the coupon any strains therein to which the
structural member is subjected.

A plurality of crack initiating means are provided in
the coupon. They are responsive to different ranges of
accumulated fatigue, and at least one is responsive to
a lower range of accumulated fatigue than is enough to
crack the structural member in the selected portion.
The crack initiating means typically comprise slots,
which may be oriented at different angles, or be of dif-
fercnt geometries, or both. A plurality of crack termi-
nating means may be provided also in the coupon.

The coupon typically is electrically conductive, and
is clectrically insulated from the structural member if
the latter also is conductive. The adhesive means typi-
cally is electrically nonconductive, and may have non-
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conductive solid particles distributed in it to prevent
contact between the coupon and the structural mem-
ber. Alternatively, the coupon may comprise an electri-
cally conductive outer layer and a nonconductive inner
layer to prevent electrical contact with the structural
member. '

The device may comprise also means responsive to
the electrical resistance of the coupon between prede-
termined locations thereon to provide any convenient
type of indication, such as an alarm signal at a remote
location, to warn of approaching a range of accumu-
lated fatigue at which the structural member would
rupture. The crack initiating means typically are pro-
vided in the coupon in selected regions such that crack-
ing therein substantially and progressively increases the
electrical resistance between the predetermined loca-
tions. Where crack terminators are not provided, rup-
ture of regions between the predetermined locations
may separate one portion of the coupon from another,
and electrical resistance means should be connected
between separable portions of the coupon.

In a typical convenient form, the coupon has substan-
tially the composition of the selected portion of the
structural member. It preferably is about 0.1 to 30 mils
thick. Suitable adhesive means typically comprise an
epoxy, a polyester, or a cyanoacrylate. The adhesive
means typically comprises a substantially uniform layer
between the regions that crack and the structural mem-
ber, providing a substantially continuous bond between
the structural member and the regions that crack. In
some devices, however, a narrow unbonded area is pro-
vided at each crack initiating means, and the width of
each unbonded area preferably is less than about 3
times the thickness of the coupon there.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an enlarged perspective view of a typical de-
vice according to this invention.

FIG. 2 is an enlarged perspective view of another
similar device.

FIG. 3 is an enlarged front view of still another simi-
lar device. .

FIG. 4 is a graph of stress amplitude against number
of loading cycles to cracking of a structural member
and of regions in a typical device as in FIG. 1, 2, or 3.

FIG. 5 is a graph of electrical resistance against num-
ber of cycles for devices as in FIGS. 1, 2, and 3 under
loading such as that representga in FIG. 4.

DESCRIPTION OF PREFERRED EMBODIMENTS

Referring to FIGS. 1, 2, and 3, a typical device 10,
10’, or 10"’ according to the present invention for indi-
cating accumulated fatigue in a selected portion 60 of
a structural member 61 comprises an elongate foil cou-
pon 11, 11', or 11'' having regions 12-17, 12'-15', or
12"'-17"' that crack successively in response to accu-
mulated fatigue therein, and adhesive means 18 or 18’
securely bonding the coupon 11 or 11" to the structural
member 61 in the selected portion 60 to transmit to the
coupon 11 or 11’ any strains in the portion 60 to which
the structural member 61 is subjected.

A plurality of crack initiating means 22-27, 22'-25’,
or 22''-27'" are provided in the coupon 11, 11’, or
11", They are responsive to different ranges of accu-
mulated fatigue, and at least one is responsive to a
lower range of accumulated fatigue than is enough to
crack the structural member 61 in the selected portion
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60. The crack initiating means typically comprise slots
or notches (slots extending in from an edge) 22-27,
22'-25', or 22''-27'' which may be oriented at differ-
ent angles, as in FIGS. 1 and 3, or be of different geom-
etries (sizes and shapes), as in FIG. 2, or both. A plural-
ity of crack terminating means 28-39 may be provided
also in the coupon, as in FIG. 1.

To avoid any risk of initiating cracks where they are
intended only to terminate, the adhesive 18 preferably
does not extend to the left and right side regions of the
coupon 10 where the crack terminating holes 28-33
(left side) and 34-39 (right side) are located, but is ap-
plied only to the center regions 12-17, as in FIG. 1,
where the crack initiating slots 22-27 are located.
Thus, the strains on the structural member 61 are not
transmitted to the regions containing the crack termi-
nating holes 28-29.

The coupon 11, 11, 11"’ typically is electrically con-
ductive, and is electrically insulated from the structural
member 61 if the latter also is conductive. The adhe-
sive means 18,18’ typically is electrically nonconduc-
tive, and may have nonconductive solid particles 41’
distributed in it, as in FIG. 2, to prevent contact be-
tween the coupon 11’ and the structural member 61.
Alternatively, the coupon 11 may comprise an electri-
cally conductive outer layer 42 and a nonconductive
inner layer 43 to prevent electrical contact with the
structural member 61.

The coupon 11, 11’, or 11'' typically comprises a
thin metallic foil of essentially the same composition as
the structural member upon which it is to be used.
However, it may, for some applications, be of a differ-
ent material than the structural element. Moreover it
may be formed in various ways, including stamping,
electric discharge machining, etching or otherwise
shaping a metallic foil, or by chemical or electrical de-
position of a conducting material upon an insulating
base or by any means which can provide the geometri-
cal configuration, electrical properties, and mechanical
properties necessary to the desired performance. The
coupon is preferably thin relative to the selected por-
tion of the structional member and is generally in the
range of 0.1 to 30 mils thick.

The device 11, 11, 11"’ may comprise also means
44,45 responsive to the electrical resistance of the cou-
pon between predetermined locations 46,47; 46' 47,
or 46'' 47" thereon to provide any convenient type of
indication or other response, such as an alarm signal at
a remote location to warn of approaching a range of ac-
cumulated fatigue at which the structural member 61
would crack, or means for automatically terminating
the loading thereof. Such means are shown schemati-
cally in FIG. 1 as comprising a direct voltage source 44
and a milliameter or other current responsive device
45, but any resistance responsive means providing a
visible, audible, or otherwise noticeable signal or other
response may be used. Where resistance responsive
means are omitted, the coupon need not be electrically
conductive and need not be insulated from the struc-
tural member. However, the coupon should then be in-
spected regularly and frequently to determine the
range of accumulated fatigue to which it and the struc-
tural member have been subjected. The crack initiating
means 22, 22/, 22"/, etc., typically are provided in the
coupon 11, 11°, 11"’ in selected regions such that
cracking therein substantially and progressively in-
creases the electrical resistance between the predeter-
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mined locations. Where crack terminators are not pro-
vided, as in FIGS. 2 and 3, rupture of regions between
the predetermined locations may separate one portion
of the coupon 11’ or 11'’ from another, and electrical
resistance means 52'-55’ or 55''-57"' should be con-
nected between separable portions 12'-15'" or
12''-17"" of the coupon 11’ or 11",

The shunt resistances may be connected at any con-
venient locations on the separable portions. For exam-
ple, in FIG. 3 they can be connected around the outside
of the annular strip 10'', if preferred, rather than on the
inside. Also the resistances 52’55’ or 52''-57'' may be
formed conveniently as extensions of the coupon, if de-
sired; and the extensions preferably are not bonded to
the structural member. In effect, the left and right side
regions adjacent the holes 28-39 in FIG. 1 provide the
equivalent of the shunt resistances 52'-55’ and
52''-87'" in FIGS. 2 and 3. To provide greater resis-
tance in these regions, they can be made narrower and
longer, as by making them sinuous in shape.

In a typical convenient form, the coupon 11, 1 1, 11"
has substantially the composition of the selected por-
tion 60 of the structural member 61. It preferably is
about 0.1 to 30 mils thick. Suitable adhesive means 18,
18’ typically comprise an epoxy, a polyester, or a cya-
noacrylate. The adhesive means 18,18’ typically com-
prises a substantially uniform layer between the regions
that crack 12, 12’, etc., and the structural member 61,
providing a substantially continuous bond between the
structural member- 61 and the regions that crack
12,12’, etc. In some devices 11’, however, a narrow un-
bonded area 62'-65’ is provided at each crack initiat-
ing means 22'-25’, and the width of each unbonded
area 62'—65' preferably is less than about three times
the thickness of the coupon 11’ there to avoid any like-
lihood of buckling. Wax, grease, or other suitable sepa-
rating material may be placed on the coupon at the un-
bonded areas 62'-65', if desired, to prevent contact be-
tween the coupon 11’ and the adhesive 18,

The coupon 11’ may comprise only the portion to the
left of the line 66/, if it is desired that the crack initiat-
ing slots 22'-25" be located at an edge of the coupon
1.

The coupon may have any convenient shape. IHustra-
tive of typical useful shapes are the rectangular cou-
pons 11,11’ of FIGS. 1 and 2, and the substantially cir-
cular or horseshoe shaped coupon 11" of FIG. 3
wherein the crack initiating slots 22''-27"" are all per-
pendicular to the outer edge, yet are oriented in a wide
range of different angles relative to each other. The
coupon 11, 117, 11" may be very small, typically about
% to % inch wide and about % to 1 inch long.

The crack initiating slots are made responsive to dif-
ferent ranges of accumulated fatigue by any convenient
variations therein, as in size, shape, or both, as in FIG.
2; or in orientation, as in FIGS. 1 and 3. Thus, the cou-
pon can progressively sample the strain field in the se-
lected region of the structural member to which it is at-
tached. The action is illustrated in FIG. 4 wherein the
S-N curves show the failure producing combinations of
stress amplitude and number of cycles during which the
stress is applied. The curve 70 represents the S-N fail-
ure characteristics of the structural member 61 in the
selected portion 60, while the curves 71-74 represent
the S-N failure characteristics in the individual regions
that rupture where the crack initiating slots are respon-
sive to different ranges of accumulated fatigue. If the
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selected region 60 of the structural member 61 is sub-
jected to many cycles of stress at an amplitude indi-
cated by the horizontal line 78, a crack will form in one
of the regions after about 1,000 cycles as is indicated
by the intersection of the curve 71 with the horizontal
line 78. Similarly a crack will form in another region
after about 7,000 cycles as is indicated by the intersec-
tion of the curve 72 with the horizontal line 78, a crack
will form after about 20,000 cycles as is indicated by
the intersection of the curve 73 with the horizontal line
78, and still another crack will form in another region
after about 40,000 cycles as is indicated by the inter-
section of the curve 74 with the horizontal line 78.
Thus, ample warning is provided to enable an operator
to remove the cyclic'strain before the structural mem-
ber 61 would crack, as it would if the strain were to be
continued through about 60,000 cycles as indicated by
the intersection of the curve 78 with the horizontal line
78. The response is similar, of course, at other stress
amplitude levels and under variable amplitude stress-
ing, whether the strains produced are compressive, ten-
sile, shear, biaxial, or a combination of types.

FIG. 5 illustrates the changes in resistance of the cou-
pon 11, 11/, or 11", the resistance between the points
46, 47; 46',47'; or 46"’ 47", being plotted against the
number of cycles of fluctuating stress to which the
structural member 61 is subjected in the selected por-
tion 60. The curve 80 is a typical resistance characteris-
tic for a device wherein the coupon is provided with
crack stoppers-such as the holes 28-39 in the coupon
11 in FIG. 1. The curve 81 shows a typical resistance
characteristic for coupons such as those in FIGS. 2 and
3 having no'crack stoppers wherein adjacent portions
of the coupon may separate and wherein electrical re-
sistors 52'~55' or 52''-57'* are connected between ad-
jacent separable portions. Where the resistances are
high relative to the resistance of the coupon, the resis-
tance between the predetermined locations 46', 47’ or
46'', 47" increases abruptly upon rupture as-shown in
the step-like curve 81. Where the shunt resistances are
small relatively to the resistance of the :coupon, the
steps are less pronounced and the resistance character-
istic curve is somewhat smoother having a shape of the
type shown ‘in the curve 82. The characteristic curve
for a particular device can of course be made to have
any desired combination of starting level, shape, and
other parameters to meet the requirements of the spe-
cific use for which it is to be designed.

From the disclosure herein it is clear that a device ac-
cording to this invention can anticipate and indicate
the approaching fatigue lifetime of the structure to
which it is attached. Where the device is made of foil
similar to the material of the structure itself, it can sub-
stantially duplicate the fatigue characteristics of the
structure. Also, the device has the effect of having
graded stress concentrations which also duplicate the
effects of the usual notches and stress concentrations
normal to commercial design and fabrications. Since
the fatigue life of the structure can be affected consid-
erably by the amount and sequence of the loading, the
present devices are very accurate while other fatigue
lifetime gages not having this feature do not provide re-
liable anticipation of the fatigue life. A few large over-
loads on a structure in its fatigue history can under cer-
tain conditions increase the fatigue lifetime of the
structure, while without these loads the structure would
fail prematurely. Thus other fatigue life gages not hav-
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ing this feature of responding to loads similarly to the
structure itself cannot reliably anticipate the fatigue
lifetime of the structure.

While the forms of the invention herein disclosed
constitute presently preferred embodiments, many oth-
ers are possible. It is not intended herein to mention all
of the possible equivalent forms or ramifications of the
invention. It is to be understood that the terms used
herein are merely descriptive rather than limiting, and
that various changes may be made without departing
from the spirit or scope of the invention.

I claim:

1. A device for indicating accumulated fatigue in a
selected portion of a structural member, comprising

an elongate foil coupon having regions that crack in

response to fatigue therein, and

adhesive means securely bonding the coupon to the

structural member in the selected portion to trans-
mit to the coupon any strains. therein to which the
structural member is subjected;

. a plurality of crack initiating means being provided
in the coupon, and

the adhesive means providing a substantially continu-

ous bond between the structural member and the
regions that crack except in a narrow unbonded
area that is provided at each crack initiating means.

2. A device as in claim 1, wherein the crack initiating
means are responsive to different ranges of accumu-
lated fatigue.

3. A device as in claim 2, wherein the crack initiating
means comprise slots.

4. A device as in claim 1, wherein at least one crack
initiating means is responsive to a lower range of accu-
mulated fatigue than is enough to crack the structural
member in the selected portion.

5. A device as in claim 1, wherein the coupon is elec-
trically conductive.

6. A device as in claim §, wherein the coupon is elec-
trically insulated from the structural member.

7. A device as in claim 5, wherein the adhesive means
is electrically nonconductive.

8. A device as in claim 5, wherein the coupon com-
prises an electrically conductive outer layer and a non-
conductive inner layer.

9, A device as in claim 5, comprising also means re-
sponsive to the electrical resistance of the coupon be-
tween predetermined locations thereon.

10. A device as in claim 9, wherein a plurality of
crack initiating means are provided in the coupon in
selected regions such that cracking therein substan-
tially and progressively increases the electrical resis-
tance between the predetermined locations.

11. A device as in claim 9, wherein rupture of regions
between the predetermined locations may separate one
portion of the coupon from another, and comprising
also electrical resistance means connected between
separable portions of the coupon.

12. A device as in claim 1, wherein the coupon has
substantially the composition of the selected portion of
the structural member.

13. A device as in claim 1, wherein the coupon is
about 0.1 to 30 mils thick.

14. A device as in claim 1, wherein the adhesive
means comprises an epoxy, a polyester, or a cyanoac-
rylate.
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15. A device as in claim 1, wherein the width of each
unbonded area is less than about 3 times the thickness
of the coupon there.

16. A device for indicating accumulated fatigue in a
selected portion of a structural member, comprising

an elongate foil coupon having regions that crack in
response to fatigue therein, and

adhesive means securely bonding the coupon to the
structural member in the selected portion to trans-
mit to the coupon any strains therein to which the
structural member is subjected;

a plurality of cracks initiating slots responsive to dif-
ferent ranges of accumulated fatigue being pro-
vided in the coupon, and the slots being oriented at
different angles.

17. A device as in claim 16, wherein a plurality of

crack terminating means are provided in the coupon.

18. A device as in claim 16, wherein the adhesive
means comprises a substantially uniform layer between
the regions that crack and the structural member.

19. A device as in claim 16, wherein the adhesive
means provides a substantially continuous bond be-
tween the structural member and the regions that
crack.

20. A device for indicating accumulated fatigue in a
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selected portion of a structural member, comprising
an elongate foil coupon having regions that crack in
response to fatigue therein, and

adhesive means securely bonding the coupon to the
structural member in the selected portion to trans-
mit to the coupon any strains therein to which the
structural member is subjected,;

a plurality of crack initiating slots responsive to dif-
ferent ranges of accumulated fatigue being pro-
vided in the coupon, and the slots having different
geometries.

21. A device for indicating accumulated fatigue in a

selected portion of a structural member, comprising
an elongate electrically conductive foil coupon hav-
ing regions that crack in response to fatigue
therein, and

adhesive means securely bonding the coupon to the
structural member in the selected portion to trans-
mit to the coupon any strains therein to which the
structural member is subjected,

the adhesive means being electrically nonconductive
and having nonconductive solid particles distrib-
uted in it to prevent contact between the coupon

and the structural member.
* * * * *



