
r

INSTRUMENTS AND MEASURING DEVICES

CHAPTER IV

INSTRUMENTS AND MEASURING DEVICES

SECTION 40. GENERAL

The presentChapterwill be limited to instrumentsand devicesof specific
interest in fatigue testing, and will not include instruments for general
purposes,even if actually usedin fatigue experiments. This meansthat the
measurementof variable quantities will be the main point. The complete
information abouta variable quantity consistsof a record of thetime curve,
but in manycasesit may suffice to measurea maximum, minimum or meap
value, sometimeswith the addition of a frequency,assumingthe curveto be
sinusoidal. Lackofspacepreventsgiving a detaileddescriptionof thevarions
instruments, but referencesto such information and examples of actual
applicationswill begiven.

Instruments and devicesmay be classified according to many different
principles, but the attitude taken herewill be the sameas indicated in the
precedingchapter, namely, that of the investigatorwho knows his specific
purposeand wishesto find out what meanswill he the bestfor him to use.

From this starting-point, the first-order division will be based on the
quantity which hasto bemeasured,i.e. a displacement,a load, etc., andthe
second-orderdivisionwill bebasedon thedesigncharacteristic,i.e. mechani-
cal, electrical, optical, etc.

The present chapterwill be divided into the following Sections: (40)
General; (41) Displacement-measuringinstruments and devices; (42)
Strain-measuring instrumentsand devices; (43) Load-measuringinstru-
ments and devices; (44) Stress-measuringinstrumentsand devices; (45)
Instruments and devicesfor determiningsurface conditions; (46) Instru-
ments and devicesfor detecting cracks, flaws, and inhomogeneities; (47)
Instrumentsand devicesfor countingnumbersof stresscycles.

EachSection is subdividedinto paragraphsaccordingto designfeatures.
Comprehensivereviewsandaccountsof various instrumentsand methods

will be found in the books mentionedbelow.
References:PFLIER (1940), RODERT5 (1946), SIEnEL (1958).

41.0 General

SECTION 41. DISPLACEMENT-MEASURING
INSTRUMENTS AND DEVICES

“Displacements”, which will be thesubjectof the presentsection,maybe
defined as changesof distance betweentwo points belonging to different
objects, whereas “strains”, which will be the subject of the subsequent

section,maybe definedaschangesof distancebetweentwo pointsbelonging
to the samesolid body.

One of thepoints in a displacementis a moving point and the other is a
fixed referencepoint. An example of such a displacementof interest in
fatigue testing is the extensionof a coil spring, where one end is displaced
and the other is fixed to the framework. Another quantity ofinterestis the
amplitude of vibration. The amplitude is, in fact, a difference between
two displacementsof thesamepoint at different timesin relation to a fixed
point, andmay beobtainedastheresultof two displacementmeasurements,
but therearealsomethodsof eliminating thefixed point andmeasuringthe
amplitude directly without defining a referencepoint.

Displacementsandamplitudesof vibration maybemeasuredby meansof
mechanical,electrical,optical, acoustical,and pneumaticdevices.

A thorough review including all types of instruments for measuring
displacementsis presentedby Huggenbergerand Sehwaigererin the hand-
book by SIEBEL (1958).

Reference: SIEBEL (1958, 379—395).

41.1 Mechanical Instruments and Devices

A frequently used, simple instrument for measuring displacements is
the mechanicaldial gaugewith rangesfrom 5 to 50 mm and anaccuracyof
from 1 to 20 >< l0~mm. Another simpledeviceis the micrometerscrew.
It maybementionedthattheaccuracyof this simpletool canbeconsiderably
improved by indicating electrically the contact betweenthe anvil of the
screw and the metallic object to hemeasuredby meansof a micro-ammeter
or a neonlamp which glows when a circuit is completed. Accuraciesbetter
than l0~areeasily obtained. Still greater accuracycan be attainedby a
purely mechanicaldeviceusedin theproving ring for measuringstaticloads
(cf. Section 43): a vibrating reedconsistingof a thin strip with a smallmass
attachedto its freeendis setvibrating by hand; when theanvil ofthescrew
makesa very slight touch on the object, a typical sound is heardand the
dampingofthereedis considerablyincreased. The amplitudeshoulddecline
from ~ in. to zero in 2 or 3 seconds. The accuracywill then be about0~25
to 0~50x l0—~mm.

The reedgauge, designedprimarily for determining static loadsby means
of the proving ring, may nlso be used for recording the peak responseto a
transient motion of systems of single degreesof freedomas describedby
RUnIN (1958). ~llie recorded data permit the calculationof peak response
in eachvibrational modeof a complex structure. An upper bound to the
maximum structural responsecan be obtained by summing the peak
responsesin eachof the modes. The error thusintroducedis in many cases
of small significance.

The micrometer can be used not only to measuredisplacementsand
amplitudesof vibrations bitt also for pre-settingand maintaining constant
amplitudes of vibrations within narrow limits, as has been successfully
practisedby DOLAN (1951).

References:DOLAN (1951), RUBIN (1958), NBS Circ. 454.

66 6 67



FATIGUE TESTING AND ANALYSIS OF RESULTS INSTRUMENTS AND MEASURING DEVICES

41.2 Electrical Instruments andDevicesbased on Measurement of
Resistance,Inductance, or Capacitance

The simplest method of converting a displacementinto an electrical
quantity is by meansof a contact sliding on a high-resistancewire incor-
poratedin a conventionalWheatstonebridge. The alternatingoutputof the
bridge is measuredby an amplifier and valve voltmeter of a recording
instrument. Various designsof this device aredescribedby Huggenberger
and Schwaigererin thehand-bookeditedby SIEBEL (1958). An accuracyof
±I per cent over a rangeof 50 mm is obtainable.

An improvementis obtainedby substitutinga potentiometerfor thewire.
Commercial devices, called resistor transducers,are now available. An
applicationof sucha transduceris describedby KENNEDY andSLADE (1956).
A movementof 0~001in. over a total rangeof 0~5in. could be detected.

Another type of resistancetransducermay be easily produced using a
resistancestraingauge (which will be discussedin the subsequentsection)
and an elastic member—a bendingbar or a ring. Within certain limits,
there is a linear relation betweenthestrain and the displacementwhich,
by the useof an appropriateshapeand dimensionsof theelastic member,
can bevaried within wide ranges.

Large transient displacementshave beenrecordedby WEIBULL (1948),
using unhondedresistancestrain gaugeswithin the plastic range. It was
found that theresistanceof wiresfrom certainmaterialscould becalculated
from thegeometricalconfigurationon theassumptionof a constantvolume.
Eachwire canonly be usedonce,of course. It is also to be notedthat there
is a limit to the speedwhich can be recorded,due to the fact that the
velocity of plastic wavesis lower than that of elasticwaves.

The resistanceincorporatedin the bridge may also be replaced by an
inductance or a capacitancerelated uniquely to the displacement, the
advantagebeing that the displacementof the object can be measured
without touching it or loading it by additional masses. This is important
when systemswith small massesand weaksprings are concerned. In these
cases,thecapacitancemethodis thebetter, becauseno extraneousforcesare
imposed on thesystem. Another advantageis that the sensitivity can he
madeextremelyhigh by usingadvancedcircuits.

An interesting application of the capacitancemethod is reported by
RUSISFORTIHIandSELwOOD (1958). A moving-coil vibrator washeld closeto
a vibrating structureanddriven electricallyso that thevibrator oscillatedin
sympathywith thestructure. This condition wascheckedby measuringthe
electricalcapacitancebetweentwo plates,oneformed by thestructureitself;
and onemountedat thetip of thevibrator shaft. The amplitudeandphase
of the current driving the vibrator were adjusteduntil this capacitance
becameconstant. Any type ofvibration amplitude pick-up maybefixed to
the vibrator shaftwithout affecting thevibrating structure. In a particular
case,vibrationamplitudesup to 0~030in. weremeasuredwith good linearity
and reproducibility, with a resolution of about0000l in.

References: RUSMFORTH and SELw00D (1958), SIEBEL (1958, 385—390),
WEIBULL (1948).

41.3 Photo-electric Instruments and Devices
A versatilemethodofmeasuringdisplacementsandcontrolling amplitudes

of vibration within wide rangesand with extremelyhigh sensitivity and
accuracy is obtained by combining commercial photo-tubesand screens,
mirrors or thelike. This methodhasthesameadvantageasthecapacitance
methodthat themeasuring device doesnot impose any force or disturbance
on themoving system. The measuringdeviceis arrangedaccordingto the
requirementsof the individual problem.

41.4 Optical Instruments and Devices

An extremelysimple devicefor measuringthe amplitude of a vibrating
system is the vibrograph, which consistsof a diagram of two slopinglines
fastened to the vibrating mass. The apparentmovementof the point of
intersectionof thesetwo lines is a measureof theamplitude,beinghorizontal
if the amplitude is vertical. The accuracyis increasedto a certain extent
by decreasingthe angle betweenthetwo lines.

Another simple optical method of measuring amplitudes of vibrating
specimensis by meansofa telemicroscopeviewingthebandoflight produced
by a polishededgeof thespecimenwhich is illuminated by a pointsourceof
light, or by viewing a mark on the specimenwhich is seenas a line when
vibration occurs. An accuracybetter than 1 per cent is easily obtained.

41.5 Pneumatic Instruments andDevices

Pneumaticinstrumentshave been designed to give an extremely high
magnification of the displacement. These could easily be arrangedfor
measuringdisplacements,but astheyaremainly intendedfor strainmeasure-
ments they will be discussedin thenext section.

SECTION 42. STRAIN-MEASURING INSTRUMENTS
AND DEVICES

42.0 General
Strain is definedasthe changeof distancebetweentwo points belonging

to the sameobject. Within theelasticlimit of the materialunderconsidera-
tion, the stressis proportional to thestrain according to Hooke’s law and,
therefore, strain measurementsgenerally have the purposeof determining
the ii resseswithin the specimen.

As thestrain is equalto the increasein length divided by the length itself
it is apparentthat the accuracyincreaseswith thegaugelength, provided
that thestressdistribution is uniform. In a notchedspecimen,wherestress
concentrationsappear, the gaugelength must be reduced,if it is desiredto
determinethe maximum stress. The gaugelength varies from 0~5to 1000
mm in devicescommercially available,someof them having adjustableor
interchangeablevalues.

Becauseoftheimportanceofdeterminingstressesaccuratelyandreliably, a
great variety of strain-measuring instruments and devices have been
devised. Ivlost of them have beendevelopedto satisfy the requirementsof
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static testing, and many of them are unsuitable for measuring variable

strains,generallydueto theway in which thestraingaugeis attachedto the
specimen,but alsobecauseof thelow natural frequencyof thespringsystem
composedof themassesand flexible members. This sectionwill berestricted
to instrumentsand devicessuitablefor measuringvariable Strains.

References: FINK (1952), HUGGENBERGER and SCHwAIGERER (1958),
LEI-IR (1940).

42.1 Mechanical Instruments and Devices

Most of the mechanicalstrain gaugesare attachedto the specimenby
meansof knife edges,which cannot withstand vibrations. This is easy to
understand, considering the fact that a very large magnification of the
displacement is necessary. Conventional gauges have magnifications of
from 300 to 3000. The limit appearsto be 4000 for purely mechanical
instruments.

If the strain gaugeis fastenedto the test piece appropriately, however,
it is possibleto measurestrainsofmoderatefrequenciesby meansof mechs~-
nical gauges. This methodhasbeenapplied to locomotive connecting rods
by LEna (1938), and to freight motor carsby LEna and SCHULZ (1942).

The difficulties arelessened,of course,if the instrument is required not
to givethetransientvalueofstrain,but to indicatewhenapre-assignedvalue
is reachedand to count how many times this event hasoccurredduring a
given period. Such an instrumentwas designedand constructedby THUM

andSVENSON(1944), and a furtherimprovementresultingin a practicaland
reliable instrument was made by SVENSON (1952). This instrument is
fastenedrigidly to the machinepart by two welded bolts and nuts, the
distancebetweenthem being thegauge length. At a certain strain,which
canbepre-setby meansof amicrometerscrew,alevercompletesanelectrical
circuit andacounteris actuated. With a gaugelength of25 mmit is possible
to measurestrainsof 0~002per cent.

Another countingstrain gaugeapplied to aircraft structuresis described
by LAMBIE (1952).

References: LAMBIE (1952), LEHR (1938), LEHR and SCHULZ (1942),
SvEN50N (1952), THUM and SVEN5ON (1944).

42.2 Electrical Instruments andDevicesbasedon Measurement
of Resistance

The most versatile straingaugesarethe electrical ones,and in particular
thosebasedon a changeof theresistance. They are easilycementedto the
specimenwithout adding a discernible mass, and there is practically no
limit with regard to the frequency. The accuracy is satisfactoryprovided
proper careis taken.

The current use of resistancestrain gaugesconsistsin attaching one or
more strain gauges (in somecasesseveral hundreds)to the test pieceor
structure. The Straingaugeis then incorporatedin a conventionalWheat-
stonebridgecircuit and the alternating output is amplified and measured
by a valve voltmeter.

An improvement was introduced by GROVER (1943) who substituteda
cathoderay tube for the voltmeter. The strain-gaugebridge was balanced
with a potentiometerand the output voltage observedon the screen,thus
permitting the determinationof maximum, minimum and meanvaluesof
theperiodically varying strain. A similar null methodwasfurther developed
by LITTLEw00u and MASKERY (1953).

Someof the disadvantagesobservedwere eliminated by GUSTAFSSONand
OLssoN (1956) by introducing a switch which shorted the output voltage
from thebridgeexceptduringa short intervaldeterminedby asynchronizing
device. When theswitch is closedthereis no input voltage to the cathode
ray tube anda straight line is visible on thescreen. The bridge is balanced
by an accuratepotentiometer. Eachreadingof this potentiometercorre-
spondsto a certain resistanceof the strain gauge,and it is thus possible to
determine the extremevalues with an accuracy that is almost entirely
dependenton theaccuracyof thecalibration and thequality of thepotentio-
meter. With properly applied strain gaugesof good make an accuracyof
0-1 per cent was attained. The sensitivity was high and with suitable
gaugesstrainsof less than 1 x 10_6 couldbe detected.

The strain-gaugetechniqueis now well developed. Reviewsare given by
BALL (1945),WORLEV (1948),andHEMPEL andFINK (1952),andacollection
of straingaugebridge formulae is presentedby SCOTT (195

7
c). Methods of

installation, calibration, test procedure and recording are describedby
KHAU5E (1957). Strain measurementsduring fatigue testsare reportedby
GI5EN and CeOCKER (1938) and in connexionwith structuresby ScHwAI-
GERER (1952).

The results from strain-gaugemeasurementsare in generalreliable but, in
somemakes,a long-time drift of considerable magnitude has been observed

as reportedby SCOTT (1957a,b). Anotherdisadvantageis thelow resistance
to repeatedstrains. An amplitude of 0~2per centcorrespondsto a fatigue
life of a few thousandstrain cycles. It is, however, possible to mount the
straingaugeon a portion of the specimenwhere the cross-sectionis larger
than the critical section,or to usea tensionbar in serieswith thetestpiece.

For a single measurement,strainsof severalper cent may be recorded
as demonstratedby WEIBULL (1948) and by SVEN550N (1953).

References: BALL (1945), GI5EN and CLOCKER (1938), GROVER (1943),
CtJSTAF550NandOIssoN (1956), HEMPEL andFINK (1952), KRAUSE (1957),
LAMnIE (1952), LEIIR (193tl), LEIIR and SCHULZ (1942), LITTLEw000 and
MA5KERv (1953),SGHwAIGERER (1952), ScoTT (1957a,b,c), SvENssoN(1953),
T’HUM and SveNssoN(1944), WEIBULL (1948), WORLEV (1948).

42.3 Optical Instruments and Devices

Very sensitivegaugeshave beendevelopedin which the magnification is
achieved by means of mirrors, but in general these are unsuitable for
measuring variable strains. The classical device is the Martens mirror
extensometer. An investigation of the accuracyof this deviceregardingits
use in fatigue tests hasbeen carried out by WIZENEZ (1937).

Reference: W5ZENEZ (1937).
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43.0 General
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SECTION 43. LOAD-MEASURING INSTRUMENTS
AND DEVICES

Load-measuringinstruments and devicesare, with few exceptions,based
on thedeformationof an elasticbody—abaror a ring—andits deformation
is converted by mechanical, electrical, hydraulic or optical meansinto a
deflexion of a needleor an index-finger.

Descriptions of instruments based on various principles are given by
Ermlich andHengemUhlein thehand-bookedited by SIEBEL (1958).

Reference: SIEBEL (1958, 272—314).

43.1 Mechanical Instruments and Devices

A simple devicedesignedprimarily for determiningstatic loads is the
Morehouseproving ring, which consists of an elasticsteel ring and a micro-

meter for measuring the deflexion ofthe ring.
The unmodifiedring canbeusedfor dynamicalcalibration, but the value

of thereed(describedin Section41) asan indicator is considerablyreduced,
and errorsmay be appreciable at certain critical testing speeds. Sonntag

Scientific Corp. first overcamethis difficulty by replacing thereedwith an
electrically insulated, spring-loaded plunger having a single indicator
contact. When the anvil of the micrometerscrewcontactsthe lower end
of theplunger, acircuit is completedanda neonlamp glows. By introducing
a spring-loadedplungerhavingdoublecontactsfor indicatingpurposes,both
maximum and minimum load in tension or compressioncouldbe measured
accordingto a designby THURST0N (1948).

A survey of instruments and methods for measuringvariable loads is
givenby ERKERand SvENssoN(1951).

Loads produced by inertia forces are measuredby accelerometers.As
these loadsare of considerableimportancein aircraft design,severaltypes
of accelerometerhave beendeveloped,someof them recordingand some
counting. Of the first type may be mentionedone describedby RIDLAND

(1954). The development of a counting accelerometeris reported by
JOHNsON (1955); this is called a unitized statistical accelerometer,and
respondsto an arbitrarily pre-set level of acceleration. Its size is only one
cubic inch, and a number of such counters can therefore be easily put
togetheron one assembly. It is very accurateup to 20 c/s.

References: ERKER and SVEN5ON (1951), JASPER (1952),JoHNsoN (1955),
RIDLAND (1954), THUR5TON (1948).

43.2 Electrical Instruments and Devices

43.21 Based on measurement of resistance.—The advanced
technique of electrical resistancestrain gauges is easily applied to load
measurementsby attaching the strain gauges to a tension, bending, or
torque bar; for the calibration of fatigue testing machinesthese should
preferablybeof thesameshapeasthe testspecimen. The strain gaugesmay

INSTRUMENTS AND MEASURING DEVICES

themselvesbe calibratedby meansof static dead-weight machines. The
accuracyofsucha deviceasexaminedby RUGE (1956) is betterthan04 per
centfor a loadof 1400tonsandbetter than0-3 per centfor a loadof450tons.
Descriptionsofsuchdevicesaregiven, for example, by PISCHEL (1953)and
by MOODY and DENEHY (1954).

Conventional resistance strain gauges consist of metallic wires. The
changeof resistanceis very small, which necessitatesa high amplification
involving difficulties and uncertainties(threestageampliferswith a gain of
5 x lO~may be needed). Semi-conducting materials are considerably
much more sensitive, although less reproducible. Such a pieso-resistive
material is the n-type germanium which has been used by MASON and
THURSTON (1957) for the measurementof displacement,force, and torque.
The propertiesof thismaterial for straingaugepurposesarediscussedin the
paper, and a torsional transducer is described and the voltage-torque
characteristicis given.

References:MASON and THUR5TON (1957), MOODY and DENEHY (1954),
PISCHEL (1953), RUGE (1956).

43.22 Based on measurementof inductance or capacitance.—
Severaldesigns basedon theseprinciples have beenmade. The objections
whenappliedto straingauges,mentionedpreviously,arelessseverebecause
the heavy massesincorporated in the instrument are compensatedby the
rigidity of the bar. High-frequencyload cyclescan thereforebe measured
and recorded. A capacitive dynamometerhas been designed and con-
structedby CARTER, SHANNON and FOE5HAw (1945), andanotherby FRANK
and GIBSON (1954).

References: CARTER, SHANNON and FOR5HAw (1945), FRANK and GIBSON

(1954).

43.3 Piezo-electricInstruments and Devices

The conventionalpiezo-electricmaterial hasfor manyyearsbeenquartz,
which is very reliable and constant with excellent insulation properties.
In more recentyears,barium titanate has beenmuch used. It is muchmore
sensitive, and has the addedadvantageof allowing complicated shapesof
gaugeto be used.

Piezo-eleetriegauges are not particularly suitable for measuringstatic
loads,hut atevery convenientfor measuringvariableloadsandshockwaves.
In thecaseof quartz, reflectionsfrom the housing,obscuringthe measure-
ments, can be effectively eliminated by making the housingof duralumin
or lead, since the acousticimpedancesof these materialsare very close to
thatof quartzin the longitudinal direction. As anexampleofsuchapressure
box gauge, reference is made to a paper by EDwARDs (1958). A small
barium titanate transducer for aerodynamic or acoustic pressuremeasure-

ments is describedby WILLMARTH (1958) and other descriptions are given

by MARK and GOLDSMITH (1955) and RIPFERGER (1954).
References: EDWARDS (1953), MARK and GOLDSMITH (1955), RIPPEICGER

(1954), WILLMARTH (1958).
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43.4 Optical Instruments and Devices

Avery straightforwardandreliabledynamometerisobtainedby measuring
the deflexion of a bar or proving ring by meansof a microscope. Both the
maximum, minimum and mean loads may be accurately determined
independentlyof thefrequency.

The useof mirrors and telemicroscopesin conjunctionwith proving bars
is particularly simply applied to a torque bar, and accuraciesbetter than

~ per centmay be attained. It is also possibleto measurethe torqueat an
arbitrary point in the load cyclewhile themachineis running at full speed,
as describedby CROSSLAMD (1956). The methodconsistsoffitting a contact
breakeron the driving shaft. By placing this breakerat a desiredangular
position, a stroboscopeilluminates thescalewhich is used in conjunction
with a telescopeandmirrors on the torquebar. The torque at this point of
thecycle may thusbemeasuredand themaximum andminimum torqueis
easilyfound by turning the breakeruntil a maximumor minimum value is
observed.

Reference: CaossL~&r’ln(1956).

SECTION 44. STRESS-MEASURING INSTRUMENTS
AND DEVICES

44.0 General
Stressesmaybedeterminedindirectly by measuringstrainsandcomputing

the stressesfrom known constantsof thematerial. This methodonly works
within the elastic range of the material, and requires a knowledgeof the
strainsin threedirections. When surfacestressesareconcernedthis require-
ment reducesto two directions, as the stresscomponentperpendicularto
the surfaceis zero.

Conventionalstraingaugesmeasurethestrains (andtherebythestresses)
at discretepoints of thespecimenonly. An overall and continuouspicture
of the stateof strains,suitablefor calculating thecorrespondingstresses,is
obtainableby photoelasticanalysis. By analogyandwith dueconsideration
of the constantsof thematerials,thestressesin specimensof identical shape
but madefrom non-transparentmaterial may be determined.

A moredirect methodof stressdeterminationis obtainedby mlse of X-ray
diffraction methods. Thesemethods are also applicable to themneasurement
of residual stresses.

Thus the only methods of stressdetermination requiring specific instru-

ments are the photoelasticmethod and the X-ray diffraction method, and
thesewill be discussedbelow.

44.1 Optical Instruments and Devices

A detailedpicture of the stressdistribution in test piecesof complicated
shapes,impossibleto obtain by measuring the strains at discretepoints,
resultsfromphotoelasticanalysis. The basisofthis well-developedtechnique
is quite easy, but it requiresa good deal of experienceand the numerical
evaluation of experimentaldata is rather time-absorbing. The practical

INSTRUMENTS AND MEASURING DEVICES

applicationofthis analysisto designproblemsis discussedby HORGER (1938).
Of recentpublications valuableinvestigationsarepresentedin theProceed-
ings of the Congressof PhotoelasticityandPhotoplasticityin Brussels(1954).
A new material for three-dimensionalphotoelasticityis describedby LEVEN

(1948) who also reports investigations of the propertiesof the material
fosteriteat elevatedtesnperatures(LEVEN, 1949) and ofstressesin keyways.
The stressdistribution around rivets has been examined by SMITH and

ZANDMAN (1957). Finally referenceis made to a comprehensivesurvey of
apparatusand methodsby Foppl and Monch in thehand-bookedited by
SIEBEL (1958).

A techniquegiving similar, even if not very precise,resultsis the brittle
lacquermethod, which is a useful and easyway of locating dangerpoints
in the test piece. Some developmentsand applicationsare describedby
LINGE (1958).

OKUBO (1953) has reportedthat surfacestressesmay be determinedby
meansof electroplating. He found that the colour deepenswith increasing
number of cycles.

References:BALLET and SALMON-LEGAGNEUa (1954), FöPPL and M ~NCH
(1958), HORGER (1938), LEVEN (1948, 1949, 1950), LINGE (1958), OscUno
(1953), SMITH and ZANDMAN (1957).

44.2 X-ray Instruments and Devices

The X-ray diffraction method is capableof measuringthe stressespro-
duced by external loads as well as residual stressesexisting in unloaded
specimens. Two different exposuremethodsaredescribedin theHandbook
of Experimental StressAnalysis, John Wiley (1950) andby BARRETT (1943).
A comprehensivesurvey of apparatus and methods of stress evaluation is

given by Clocker in thehandbookeditedby SIEBEL (1958).
References:GLOCKER (1958), SIEBEL (1958, 575—608).

45.0 General

SECTION 45. INSTRUMENTS AND DEVICES FOR
DETERMINING SURFACE CONDITIONS

The imnportant influence of the surfacecondition on the fatigue life has
beetsknown for a long time, and, accordingly, numerous methods for the
examinat ionofsurfacesfrom a fiitigue testingpoint ofviewandfor correlating
the resultsto the fatigue strength have beenproposed. As a recentcontri-
hutinn to thus problemmaybe Inentioneda publication by COMBAUD (1955),
in which statistical analysisis applied to theclassificationof surfacefinishes.

In spite of the many efforts to correlatesurface condition with fatigue
strength,and the highly developedtechniquenow availablefor a detailed
examination of the contour nod topography of solid surfaces,it must be
admitted that the results are not really satisfactory; even if the surface
condition is perfectly well known, thepreciseeffect on thefatigue life cannot
be predictedwith any greatcertainty.

The methodsof determining the surfacecondition may be either of the
destructive or the non-destructive type. The disadvantageof the first
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alternativeresultingin a destructionof thesurfacemay, to someextent,be
compensatedby thepossibility ofstudying thestructureof thesolid beneath
thesurface.

The Various methodsnow available may be classified as follows: (1)
stylus methods; (2) taper sectioningmethods; (3) optical interference
methods; (4) optical reflection methods; (5) reflectionelectronmicroscopy.

A generalreviewof themethodsof surfaceexaminationhasbeengivenby
BOWDEN (1956),andin its main points this is followedin thepresentsection.

References:BOwDEN (1956), GOMBAUD (1955).

45.1 Stylus Methods

The contoursof a solid surfacemay be recordeddirectly by passinga
tracerneedleslowly overthesurface. Thestylusis usuallyaconicaldiamond
with aradiusof curvatureof downto 2 >< I0~cm. The vertical movement
of the stylus is amplified by mechanicalor electricalmeans. An amplifi-
cationof up to 40,000is obtainable. Under favourableconditions,it may
be possibleto detectscratcheswhich areonly 250A deep. Accounts of the
theoryand limitations of this method arepresentedby REASON, HOPKINS
andGARROD (1954),andby UMPHREY (1958).

References:REASON, HoPKINSandGARROD (1954), UMFHREY (1958).

45.2 Taper SectioningMethods

Theirregularitiesof asurfacemaybeobserveddirectly underamicroscope
on a cross-sectionof the specimencut at right angles to the surface. A
magnificationof, say, 10 of theirregularitiesmay beobtainedby cuttingthe
sectionobliquely to thesurface. In mostcases,it is necessaryto protect the
surface during this operationby electroplating,using a metal of similar
hardness(NELSON, 1940). This procedurehasbeendeveloped,as reported
by BOwDEN and TABOR (1954), to sucha perfection that irregularitiesof
l0~cmin height cannow bedetected.

References:BOwDEN andT~oa(1954), NELSON (1940).

45.3 OptIcalInterferenceMethods

Theusualmethod of measuringsurfacecontour by meansof two-beam
interferencehas been improved by TOLAN5KY (I 948). The procedure
consistedof coating the surfaceand the lens with a transparentlayer of
silverandletting theincidentlight bereflectedbackandforth severaltimes.
By this improvedmethod,thedetectionof featuresin thesurfaceofaheight
of 25 A hasbeenmadepossible.

By a further improvement,using a spectrographand white light, the
sensitivitycould be still more increased,allowing thedetectionof stepsand
similar featuresin thesurfaceassmallas6A with anaccuracyofabout1—2 A.
This method has beendevelopedby COURTNEY—PRATT (1951) and by
BAILEY andCOURTNEY—PRATT (1955)with remarkablesuccess.

References: BMLEY and COURTNEY—PRATT (1955), COURTNEY—PRATT
(1951), TOLAN5KY (1948).

45.4 Optical Reflection Methods

Thefinish of planesurfaceshasbeenstudied by JOANNI5 (1957) by pro-
jecting a bealn of light on to thesurfaceat an angleof 30°to thenormal.
Thesurfacewasthenrotatedaboutthe normalaxis andthevaluesof light
reflected alongthenormalweremeasured.This methoddoesnot give any
detailsof thesurface,but gives an averagevalue which will be useful in
decidingwhetherdirectionalanistropyis presentor not.

Reference:J0ANNI5 (1957).

45.5 ReflectionElectronMicroscopy

Thenormalbut intricatemethodusedin electronmicroscopyofpreparing
transparent replicas of the surface is of restricted applicability, and the
resultsare sometimesdoubtful. The difficulties canbe avoidedby directing
the electronbeamat glancingincidenceon to thesurface,andfocusingthe
scatteredelectrons. Extensiveinvestigationsof this methodhaveresultedin
remarkableresultsas reportedby C055LETT (1952). The greatadvantage
of this techniqueis that the surfacecanbe examineddirectly by thebeam
and no replicasarenecessary,andthat it is easyto calculatethetrueheight
of thesurfacefeatures from the long shadowsappearingin the picture.
Thismethodhasbeendevelopedto aconsiderableefficiencyin thelaboratory
of Prof.Buwden,Cambridge,as demonstratedby MENTER (1952, 1953).

References:C055LETT (1952), MENTER (1952, 1953).

SECTION 46. INSTRUMENTS AND DEVICES FOR DETECTING
CRACKS, FLAWS AND INHOMOGENEITIES

46.0 General

As alreadymentionedin Section27, therearetwo differentmethodsof
detectingcracks: thenon-destructiveandthe destructive. Only theformer
will be discussedin this Section, asno specific instrumentsarerequiredin
thelatter.

Thedetectionof fatiguecracksis very importantin fatiguetesting,in that
a considerablesimplification would result if everyfatiguetest couldbe split
up into the pie-crack andthepost-crackstages. One of the difficulties in
cluing so, however, is that tlse first crack very probably startsat an early
stageof thefatigueprocedure,andits detectiondependson thepowerofthe
method used. The most powerful method of detectingincipient cracks
involves the use of electron microscopy, a technique which requires the
destructionofthe test specimen.

Tise methodsdiscussedin this Sectionwill be divided into thefollowing
classes: (I) microscopic methods; (2) electrical-resistancemethods; (3)
eddy-currentmethods; (4) magnafluxmethods; (5) ultrasonicmethods.

Generalreviewsof thedifferent methodsand correspondinginstruments
and devicesaregiven by Berthold, Vaupeland Forsterin thehand-book
editedby SLEBEL (1958), andin thepublicationslisted below.

References: DEMER (1955), SIEIIEL (1958, 575—675),TEMPLIN (1930).
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46.1 MIcroscopic Methods

Visual inspectionfor thedetectionof fatiguecracksby thenakedeye can
beimprovedby severalmethodssuchas painting the surfaceunderexami-
nation with oil-whiting, fluorescentand dyepenetrants,or by bubbleor
stress-coatmethods; evenso, to obtainanyresolutioncapacity, theoptical
or electronmicroscopecannotbe avoided.

In any case,theearlydetectionof a fatiguecrack requiresexperienceof
the observerand someindication of where to look for thecrack. In this
respectit may be helpful to localizesuspectedareasby meansof a brittle
lacquer.

References:DECK (1956), DURELLI andOKUB0 (1954).

46.2 Electrical-resistance Methods

A simple method of detectingincipient cracksin static tests of large
specimens,used by POwELL (1946) in static testing, was suggestedby
Shanleyfor usein fatiguetestsanddevelopedby FosTER(1947), andis now
frequently used when testing full-size aircraft structures. It consists of
cementingsmall insulatedwires to themostcritical areasof thestructure.
Thecrackis thenindicatedby ruptureof thewire, whichis incorporatedin
a suitablecircuit. Thereare, of course,someconditions to be considered
with regardto thestrengthpropertiesand dimensionsof the wire. The
insulation and thecementarealsoinfluential factors. In thepaperby FOsTER
(1947) the results and commentson the installation techniquearegiven.
It was found—ashas later beenconfirmed—thatthis indication system
enablesimprovementsto be madein theaccuracyof the resultsfromfatigue
tests of both small laboratoryspecimensand largestructuralcomponents.

An investigationby MCGUIGAN, BRYAN andWHALEY (1954) to determine
thebestcommerciallyavailablecombinations of wire types, wire sizes,and
cements,showed that of the combinationstestedthe most sensitiveand
easiestto apply were th002 and 0~00l2-in.diameter Formex insulated
annealedcopperwires. When usedwith Duco cement, fatiguecracksas
small as0~00022to 0~00067in. could be detected.

Anothermethodofdetectingcracksbasedonthemeasurementof electrical
resistance,andwhich also permits themeasurementof the crack depth,
consistsof two movablecontactsat afixed distancefrom eachother. When
pressedagainstthemetallicsurfacetheresistancerevealswhethera crack
existsor not, andalso theapproximatedepthof thecrack. Applicationsof
this instrumentarereportedin referenceslisted below.

References: B1wSD (1957), BUCHANAN and THUR5TON (1956), FosTER
(1947), MCGUIGAN, BRYAN andWHALET (1953), POWELL (1946).

46.3 Eddy-current Methods

Another non-destructivemethod of detectingcracksis the induction of
eddy-currentsin thesurfacelayersof themetallicspecimen. Thetechnique
of suchmethodsis describedin apapercited below.

Reference: KEIL andMEYER (1954).

46.4 Magnaflux Methods
A verysensitivemethodof detectingcracksat or just beneaththesurface

of metallic bodies, called the Magnaflux method, consistsof applying a
magnetic field to the specimenand pouring over it a fluid containing
suspendedmagneticparticles. This methodwasusedfor theinspectionof
coil springsby DEFOREST(1932). Further investigationsanddevelopments
weremadeby WEVER andHANsEL (1938)andHANsEL (l937/38)~Theory
andpracticeof magnafluxtesting are reportedin SerialNo. 381, Aug. 2,
1938, Aero. Mat. Lab., Naval Aircraft Factory,Washington.

Further developmentsare describedby HEMPEL (1939), who alsoapplied
themethodto theexaminationof coil springs. Correlationof gammaradi-
ography and Magnaflux indications in the inspectionof large cast-steel
connectingrodswasinvestigatedby THOMPSON (1954). It wasfound that
thetwo methodsmayserveas acomplementto oneanother.

References:DEFOREST(1932),HEMPEL (1938/39,1939), HANsEL (1937/38),
THoMPsoN (1954), WEVER and HANsEL (1938).

46.5 Ultrasonic Methods

By meansof vibratingquartz or barium titanate crystals,elasticwaves
canbegeneratedandtransmittedthroughsolid media. Thisprocedureoffers
a reliable and convenientmethod of detectingcracksand flaws or other
inhomogeneitiesin a specimen. Therearethreedifferent methodspossible.
Theultrasonicbeammaybe either transmittedor reflectedand, as a third
possibility, a resonancefrequencymaybe determined.For crackdetection
themostusefulmethodis by reflection,becausethis permitsaprecisedeter-
mination of the locationof thecrack,whereverit be within the test piece.

The theory of elastic wave propagationis developedin a paper by
MAPLETON (1952) and the theory of ultrasonic materials testing in a
publication by VAN VALKENBURG (1948). Another accountis given by
DE5CH, SPROULE and DAwsoN (1946). The instruments required are
describedby CLAYDON (1958).

For control purposesit maybe usefulto usetest specimenshaving known
defects; thisprohlemhasbeendiscussedby THEIS andBARTELD (1954)and
a method of producing such specimensby differential strains in layersof
brittle materialsis describedby MILLARn (1955).

Among descriptionsof applicationsmay be mentionedthoseby HAPE-

MEISTER (1954) in eonllexion with forging ingots, andby BöHME (1958)on
aluminium test pieces.

The crystal usually serves as both transmitting and receiving probe.
In some easesit may be advantageousto use two crystals, one for trans-

mitting the waves and another for receiving them. As anexampleof sucha
device, referenceis made to aninvestigationby KENNEDY (1956)carriedout
for the purposeof studying fatigue of curved surfacesin contactunder
repeatedloadcycles. Thesmall testpiece,beingasteelball of2 in. diameter,
necessitatedsmall dimensionsof the quartz crystals. Theseoperatedat a
frequency of 2~Me/s. The diameterof the two crystalswas6 mm. The
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crystalswere containedin metal capsulesattachedto screenedleads,and
were attachedto two flats ground on the surfaceof the test ball. The
ultrasonicbeamfrom the transmittingcrystal could be madeto strike its
flat at anydesiredangle,dependingon theinclination of the capsulein its
mounting. The secondcrystal receivedan echosignal throughtheother
flat. The attachmentof theblocks wasaccomplishedby dissolvingsomeof
the resin usedfor making themin acetone.Theresultingbond wasfound
to be very strong and did not interposeany different materialbetween
blockandball.

References: BöFIME (1958), CLAYDON (1958), DEscrs, SPROULE and
DAwsoN (1946), HAFEMEISTER (1954),KENNEDY (1956), MAPLETON (1952),
MILLARD (1955), THEIS and BARTELn (1954), VAN VALKENBURG (1948).

SECTION 47. INSTRUMENTS AND DEVICES FOR COUNTING
NUMBERS OF STRESSCYCLES

47.0 General

Theprimeobjectiveof afatiguetest is to determinethenumberof cychs
to failure, independentof how failure is defined. For this reason,somekind
of counteris an indispensablepart of thetesting equipment,andin multi-
stress level tests it may also have the added function of indicating the
momentat which thestresslevel hasto bechanged.

In sometestprocedures,however, it is of interest to know not only the
total numberof stressreversalsduring acertainperiodbut also thenumber
of reversalsper unit time, i.e. thefrequency. This is particularly important
whentheloadimposedon theSpecimen~5producedby inertiaor centrifugal
forces, or in machinesof the resonanttype, where a certain percentage
reductionin frequencyindicatestheendpoint of thetest.

If the frequencyof the test is constantit doesnot matter whetherthe
numberof cyclesis countedor thefrequencyis measured,becausetheone
can easilybe convertedto theother. This condition is not alwaysfulfilled,
however, particularly at thebeginningand in the later stagesof the test;
accordinglya counteris alwaysneeded,andin somecasesalsosomedevice
for measuringthefrequency.

47.1 Counters

Whenthe frequencyis uniquely determinedby the speedof a rotating
motor the number of reversalsis most easily measuredby a revolution
counter. Countersof this type may be arrangedto control and monitor
programmetests. Both mechanicalandelectricalcountersfor this purpose
aredescribedby BECKER (1950).

In electricaltestingmachinesthenumbersof cyclesarecountedby means
of electric clocks, electro-mechanicalcountersor dekatronselectortubes.
An applicationof the latter instrumentsis describedby MOORE (1956).

It may sometimesbe convenientto convert mechanicalvibrations into
electrical signals, which are then easily countedand used for automatic
control.

References: BECKER (1950), MOORE (1956).

47.2 Frequency-measuringInstruments and Devices

The frequencymay he measuredby meansof mechanicalinstruments,
but for this purposetoo electricalinstrumentsaremoreversatileandmore
suitable for control manipulations which would require complicated
mechanismsif performedmechanically.
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