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Abstract: The Charpy test is used throughout the world in a wide range of industries because of
its low cost and the fact thabtching and dynamic loading produces a crack tip stress field

which is conservative for many applications. As a resulisofitlespread use, there is a

compelling motivation to extract as much data as possible fro@Hagpytest. In a Charpy
impacttest three key measurements are typically made: total absorbed datsml expansign

and percent shear fracture ar@d.presentthemeasurement of absorbed energy and lateral
expansions quantitative and well defined, but theethods used by most ladatories in the
measurement of percestiear argualitativeand imprecise This is ironic for al00-yearold test
because, as discussed in this paper, it can be reasonably argued that percent shear is the most
fundamental and physically meaningéilthe three Charpy parameters for brittle fracture
characterization Digital image analysifor shear fracture area show to be accurate, precise,

and easy to use on a routine baftecommendations for changes to the ASTM E 23 standard

are provided.
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Original Charpy Test Devepment

The first pendulum impact machine was designed by S. B. Russell and coworkers in May,
1896. Actual test results using the pendulum machine were reported in 1897 at an American
Society of Civil Engineers (ASCE) confereraxed werepublished as aASCE Transactions in

1898 [1]. Russell tested both smooth and notched specimens and found that notched specimens

were preferred for testing ductile materials because the specimen could be completely fractured
when notched. The pendulum impact machireelieen conceived by Russell to enable the
measurement of the energy absorbed by the specimen during fracture, and this machine was a
prototype of the pendulum machine used throughout the world today as specified in ASTM

Standard E 23, nsStfaonrd aNodt cTheesdt BMaert hlondpact Test.i

In 1901, a French researcher named Charpy published hi$ woeksecond publication

in the world on pendulum machine testthgn notched bagpendulum mpact tests [ 2]

tests used a pendutuimpact machine based on the design developed by RuBsetuse of

Charpyods early invol vement widndhistworletowmardt c hed

standardizaton t hi s test i s referred to throughout
original focus of thggendulum machinezas on the measurement of absorbed er&rgij.

Other parameters from the Charpy test, in particular lateral expansion and percemesieear
investigated much later.

Historical Perspectiven the Use of Percerfhear

No seminal papeidentifying shear area as a key Charpy parameter was found in the
literature search for this paperhis is due, in part, to the fact that titles and abstracts of early
papers in the field werapparentlynot focusedpecificallyon percent shear fractuaeeaalone.
Nevertheless, papers dating back to the late 1800s have mentioned the importance of fracture
surface examinatiom dynamic testing For example, in Referen¢B], photographs of fracture
surfaces were reported foanous grades of wrought iron and used as part of the analysis to
determine the adequacy of the castings for gun barrel applicalibesReference [5] paper was
mentioned irthe 1902 revieweport[6] on the state of knowledge concerning impact testisan
time period up to 1902We did not find any papers or reports in Beference [6] bibliography
to shear area measurement or fracture appearance transition temperature (FATT). Similarly,
Reference [7] was published in 192d presented a historyiafportant developments in
impact testing up to that time. Again, since no references to shear area measurement or FATT
were reported, we have concluded that these parameters were not in use up to at least 1925.

Consideringhe historical progression tiie ASTM E23 standardrom 1947 to 1981, a
total of sixrevisions(E23-47T, E2356T, E2364, E2366, E2372, and E2381) to the standard
were issued.Thereis no mention of shear area measurement in the 1947 standard. However,
there was one mention fshcture surface examinatiomthe 1947 version which stated i S o
pronounced is the effect of temperature on the ability of steel to stand up in service when
notched, that comparisons are frequently made by examining fractures and by plotting energy
valuever sus temperature from tests of ThaRepathed
section of the standard only mentions energy as the key Charpy parameter.
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The 1956 standard contains a simigatemento that of the 1947 standatuljt addsthat
fracture appearance versus temperature is a useful plot. dteefoppmthe standard follows:
A 8 pronounced is the effect of temperature on the behavior of steel when notched that
comparisons are frequently made by examining specimen fractures pladting energy value
andfreture appearance versus temperature from test
The 1956 standard alsacludesa note on some of the definitions of transition temperature
whi ch may be f ound2iuSsmevnfthesnany definitians of teansitidgnNo t e
temperature currently being used are: (a) the lowest temperature that exhibits a fibrous fracture,
(b) the temperature where the fracture shows a 50 per cent fibrous appearance, (c) the
temperature correspomdj to the energy value 50 per cent of the difference between values
obtained at 100 per cent fibrous and O per cent fibrous, and (d) the temperature corresponding to
a speci fic Teerl@5b ganddmralsolregueréd, under Report requirementsi ( 8
Appearance of fractured surfaceo. Since ther
measuremenh the 1956 standayat must be assumed that the user of the standard could apply
any method desired, the simplest being a statement that there was, ot,\adsritite region on
the fracture surface.

Finally, the 1981 standard provided four methfmat determining percentage shear

fractureareawh i ch are similar to todayodés standard, a
reported when required. €r e was al so a note in the 1981 st
Because of the subjective nature of the evaluation of fracture appearance, it is not recommended
that it be used in specificationso.

Several industries todagquire thashear fracture are®FA) be measuredutas a
Charpy parameteit is not widely usedThis isprobably due to the difficulty in measuring
percent shear to any reasonable degree of accamnalty the historical perspective as delineated
in Note 9 of the 1981 standard.

Current ASTM E 23 Methods

In the present E 23 standd8], there are five methods fdetermining the percent shear
fracture areaThefive methodspresented in ASTM E 2 increasing order of precisioate
listed below

1. Measure the length and widthtbie flat fracture region of the fracture surface and
determine the percent shear using talridbe standard

2. Compare the appearance of the fracture of the seecivith theracture appearance
chartin the standard

3. Magnify the facture surface and compdrto a precalibrated overlay chast measure

the percent shear fracture by means of a planimeter.

4. Photograph the fracture surface at a suitable magnification and measure the percent shear
fracture by means of a planimeter.

5. Capture a digital imagef the fracture surface and measure the percent shear fracture
using image analysis software.



The method most used industrial applicationss the photograph comparison method
(method2pecause of its simplicity aeehtetrovivatc ost .
least £5%, provided the correct photograph can be identified. That is, given a classical fracture
surface of a fulsized Charpy specimen, the shear fracture area can only be stated to a degree of
certainty of KN5a®agmentididcorrechby one phetageaphptire @rsor becomes
15%.As discussed | ater in this paper, measur eme
resulted in average errors on the order of 20 % shear area, with the largest deviation being on the
order of55 % shear aee With these large margins of error, a better method should be used to
provide reliable, quantitative datnd we have recommended that users of the standard be
appropriately warned concerning the poor precision and accuracy of the ppbtagmparison
method.

Thearea measurement methods such aditfial imaging method (method &hd the
planimeter method (method HWave higher precision than tpaotograprcomparisormethod
(method 2) Although nethod 4 andanethod 5have similar preision,digital imagingis expected
to be favored by industry in thoming yearsespeciallyfor applications in which accurate
measurement of percent shear is needed

Validity of ShearFracture Area as a Charpy Parameter

Before discussing thenalyss for SFAmeasuremennethodsit seems appropriate to
present the argumefor SFAas an important and fundamental Charpy paramétesrder to set
the proper context for this discussion, we nifist define the need for the Charpy test. In
particular what is needed is a simple and eef§éctive test that can provide useful data for
protection against brittle fracture in components and structures. Of course, the Charpy test can
also be used for protection against ductile fragtwrech is importantn applications such as
upper shelf energy drop in nuclear pressure vedsel to neutron irradiationlt is also
beneficialas a comparison test for ductile fracture evaluation in genei@vever, we will limit
our current discussion to brittle frace applicationdor consideration of SFA measurement
technology

All body-centereecubic materials undergo transitional fracture behavior over some
temperature range. This means that the material will be 100% brittle below a certain temperature
and 1006 ductile above aigher temperature. hE intermediate temperature rangeeferred to
asthe transition region where the fracture is mixed modee traditional definition of mixed
mode is a fracture surface where there is one separate region efftattlre surrounded by a
second region of ductile (fibrous) fractur&n example of mixed mode fracture is shown in
Figure 1, and Figure 2 shows the ledeflection behavior observed when a specimen fractures in
the transition region. Referring to Firgu2, the crack forms in the specimen at the notch root as
the loading increaseto the peak load levelStable craclgrowth initiatesat the notch in the
centerregionwhere the stress intensity factor is highesispreads along the root of the notch
towardthe free surfaces. Just prior to peak load, the stable crack is formed and begins to
propagate into the uncracked ligament. The load decreases as a result oftherjoragl area
reduction, and the stable crack propagates until the brittle iriéiekes. Brittle fracture is
signaled by theapid load drop which indicatélse microsecond timscale brittle crack advance.
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The remaining energy after brittle fracture is expended in tearing the shear lips and in
bending/fracturing the plastic hingéthe rear of the ligamenEor tests near the lower shelf,

brittle fracture occurduring initial load risewell beforereaching peak load. For tests on the

upper shelf, the loadeflection curve is similar to that of Figure 2, but there is no vértica

unloading due to brittle fracture. Since the SFA is proportional to the height of the brittle

fracture unloading, physically based correlations have been developed to calculate the SFA based
on thebrittle fracture initiation and arrest loads.

Percemn shear isarguablya physicallymore meaningful Charpy parameter than absorbed
energy for protection against brittle fractufehere are at least foarguments in favor of using
SFA in conjunction witrabsorbed enerdy define a ductildorittle transiton temperature
(DBTT) for ferritic materials

e There is no physical reason why the SFA transition curve should coincide with the
absorbed energy transition curve. Therefore, the Charpy parahsgisrused to
define DBTT should be selected based orathy@icability of the parameter to the
in-service component.

e DBTT isusually defined aa temperature below which fracture occurs nearly
entirely by cleavageSafe temperature limits for structures should be based
primarily on FATT since this indeis a facturebased index.

e Absorbed energy is notfandamental material properfsis opposed tdor
example, fracture toughness)d shald only be used when it is supportag
other meamgful parameters such as SFA, or is backed {semice structural
failure data

e SFA can be used directly to reldtacture appearanaata fromminiaturized and
subsizé specimens to full sizepecimensprovided the miniature specimen stress
fields reasonably simulate the full size Charpy fields.

One illustration of thelrawback associated withd useof the energy parameter is in the
nuclear industry where neutron damage causes a shift in the absorbed energy as neutron damage
increases. The nuclear industry tracks pressure vessel embrittlement using4beC3tafpy
index. In general, a a result of neutron damage, the Charpy enrengyperature plot exhibits
three changes: the enermperature curve is shifted to higher temperatures; the slope in the
transition region decreases; and the upper shelf energy dksmsresult of these neutron
damage effects, the SHAvel corresponding to the 30l index, changes continuously
throughout the irradiation. This phenomenon is ftlted graphically in Figures 3 through 5
As shown in Figure 3, thehange irSFA does not increase proportionally to tGbarpy shift
measured at 30-fbs (T30). Case 1 shows a material with a low upper shelf energy (USE) and a
significant decrease in slope in the transition region. This resultsiiradiation induced
change in SFAt the 30 fHib index of about 45% (see Figure &or this particular case, since
the shelf drop and slope decrease are large, thell3ihflex crosses the transition curve at a
point on the posirradiation curve that corresponds to a very large #vAl. Case 2 shows a
change in SFA at the 30/t index of about 18% for another weld irradiated to a higher fluence
but with a comparablgT 3. In this case, the shelf drop and transition slope change are not large,
and the 30 ftb index crosses the transition curve at a point on theipasdiation curve that
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corresponds to an SFA level which is close to the unirradiated vehexefoe, there are clearly
cases where neutron damage monitoring using an energy index ulillinesgnificantly
different SFA values in the irradiatesaterials This means that the use of a fixed energy
parameter can yield neutron embrittlement data tiediased on a continuouslyarging SFA
level

An illustration of the second bullet above is given in Reference [9] which highlights the
inconsistencies that can occur between Charpy energy and fracture appearance. Results from a
Charpy test for a weld etal are reporteghowng high energy and other evidences of good
ductility, but the SFA is only 20 %. This particular specimen was not completely fractured into
two separate halvesince it passed throughe anvils as one piecthe laterabxpansion \as
about 11%, therevere large indentationa the specimen from the anvils, but the fracture surface
showed 80% cleavage across the center of the sufkeference [9] also reported instrumented
striker data and concluded that some materials have ésggtance to crack formation at the
notch but exhibit very low resistanceliottle crack propagation. In such cases, the absorbed
energy can be high but the fracture surface exhibits predominantly brittle fratutber
evidence was reported in Reface [9] for asvelded and stress relieved material which
exhibited ~40 C differensan temperature at the middle of the transitregion betweethe
energytemperature plots and the SEémperature plots.

It can be reasonapteduced from the exangd above that SFA is not only a useful
Charpy parameter, but also an informative, necessary parameter that should be considered when
results are apmdto anin-service component.

Percent Shear Measuremensing Digital Imaging

Since the focus of theseof this paper is on digital imaging, it is seems fitting that we
should define exactly what is meant by digital imaging technol@uygital imaging systermcan
useimage analysitechnologiedor easy, accurate, and precise measurement of percent shear
fracture areaThesesystens generallyconsistof a camera, lens, lighting, data acquisition
software and image analysis softwarBercent shear measurement via this method involves
capturing the image of the fracture surfamatlining the brittle ara andoutlining theoutside
region of the fracture surface. The software automatically integrates the areas to determine SFA.
There have been a number of recent advances, stioh ase of éelecentric lengFigure 6)that
make these systems ma@ecuate andorecise Even stil| theaccurateneasurement of percent
shear is not a changeling application for most modern systéfhae the telecentric lens greatly
reduces parallax distortion and other optics problems such as lens axis perpendigularity,
recently developed twdimensional calibration technology eliminates residual errors in the
optics. With this technology, it is possible temap the pixel grid to yield a nearly undistorted
image. In the results reported here, stafehe-art imagirg technology was used that
incorporates these features.

Digital Imaging System Precision and Accuracy
A multi-phase study was conducted to vatalthe digital imaging systepmecision and
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accuracy.The first phase of this wortonsisted of a calibratiostudy in whichonetechnical

staff memberaswell as a nortechnical staff membeusedadigital imaging systeno
determingheaccuray and precisionf the method To determine the accuracy of the digital
imaging system, precisionreticlewith lengthaccuracy of78.%in ( N 2)samd196.%in (5

e mline width,was used A 0.2- by 0.2inch (0.51- by 0.5Xcm) squarearea wasoutlined using
the software, and thegelting areasre summarized in Table A mean value of exact§.04

in? (0.26 cnf) would result inperfectaccuracy.As shown, the measured values are accurate to
within = 0.06 % on areavhich indicates that the digl imaging system is vemgccurate, and
good results can be obtained by staff with no formal training in engineeratgesrtechnical
fields.

To demonstrate therecision of theligital imaging systenmn atypical shear area
application fithout using pecisionmade toolingsuch as theeticle), the digial imaging system
was usedo measureghe percent shear afLaser&t printout of al:1-scaleCAD drawingof a
Charpy bar with areadrawnwhich give 20%, 40%, 60%, and 80% sh€Brgure 7) Technical
staff member&nowledgeable of Charpy impact tieg), as well as a netechnical assistant, used
digital imaging systemt® determine the simulated percent shear ar€asbrittle areas were
denoted byhe inner square or circinter, while tk ductile areas wenefined bythe
remaining outer areaBoth square ancircleswere sedto simulate theariouscontours
outlined on a typical Charpy har

The data shon in Table 2 summarize tlaverage and standard deviatisi@after three
separate percent shear measurentgnéeach participantThe accuracy of the digital imaging
system could not beerified with this methodiue toCAD drawinguncertainty angbrinter
distortion. As shown in Tab2 the digital imaging systn proved itself to be precise, with a
maximum standard deviation of @/@shear areaThe® results also show that ka-lab, the
digital imaging systerprecisionis consistent

These two simple experiments display three important features of the digital imaging
software. First, the digital imaging software is easy to use. Both technical atechaical
personnel were abk® use the softwarand ob&ain comparable resultsSeconty, the digital
imaging sytem provides accurate results for cases where the simulated fracture surface can be
clearly identified. Lastly, the system provides precise fesu

Image Analysis of Textbook Fracture Surfaces

An inherendownside to the measurement of percent shear lsdkeof the operator
Here, we define bias terms ofthe operatay s  atb clearly tdeify the brittle region of
fracture In some instances, the fracture surface may not exhilsgickl faceted and shiny
regions. In other cases, the inexperience of the operator may play @helefore, thesecond
phase othis study wa conducted to examinkesetypes of bias Thirteenspecimens fovarious
ductility levelsranging over therénsition regiorwere studied. The analyses were conducted
without any collaboratiobetween the organizaton§ he s peci mens chosen wer
specimens, having clearly defined areas of brittle fractlihe set of specimengasstudied
using thephotograph comparison method ashaslthe digital imaging technology
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The results are shown in Figure 8 and in TaBland 4 These results show that, when
trained personnel in the Charpypacttesting field use digital imaging to analyze specimens
containingdefinitive brittle aresg, the percent slae values arprecise. The average percent
difference betweelaboratoriesvas only 1.5 % shear, and the maximum differédocany single
measurememwasonly 4 % shear.Since three engineers wereabd obtain very similar results,
and since the previous section of the paper has established that any region that can be seen can be
accurately integrated to obtain the correct area, we have conthaddte image analysis salts
are alsaccurate

A comparison of the digital imaging data and the photograph comparison method is
shown in Table 4. The avemgifference between tlukgital imaging result and the photograph
comparison method is 19% shear, with the largest deviation being%Shear. Figure8 also
shows that photograph comparison resultseatgnt shear levels over about 90 %, are accurate
for all participants. n the lower data range, th@dineer3 seems to display a bias using the
photograph comparison method toward low valu@n the other hand,rgineer2 and 3end to
be biased high for percent shear measurements in the 5Q4cR®€ar range.

Based on experience and these results, it is recommended that the E 23 standard should
only allow the photograph comparison metlasda qualitative approximation of SFA.
Furthermore, techniques such as digital imaging and the use of a planimeter should be
recommended as the prima®FA measurement methods.

Analysis of Subsize Round Robin Specimens

In many industrial applicationdé conditiongor measurement of SFére far from
ideal. Therefore, inhe thrd phase of this studwe measuréga set of specimens used inoaind
robin organizedby Lake Erie el(LES). In the round robin,ive companiesanalyzel the
percent shearf@7 specimen®f various sizes (madstsubsized Charpy specimenghese
participantsused either the photograph comparison method or the planimeter method

MPM Technologies, IncMPM) andthe National Institute for Standards and
Technology NIST) useddigital imaging to evaluate tH& round robin specimensUnlike the
actual participants in the round robimgwever we established several criteria for analyzing the
specimens. This allowed us to better classify the various abnormalities as eithendlrittle.
Further details concerning the fracture surface interpretation guidelines are discussed later.
Therefore, omparisondetween MPM/NIST data and the data offikie participants should be
made with these in mind.

Digital AnalysisProcedires for theLES Round Robin

As previously discusse@gercent sheaneasurementia digital image analysigivolves
capturingthe imageof the fracture surfageutliningthe brittle area and outside region of the
fracture surface, armutomaticsoftwareintegration oftheareas to determine SEATypically,
specimens exhibit clear indications of brittle and ductile fracture aréasever, the LESound
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robin specimenw/ere mostlysubsize specimengith extensiveplastic deformationln addition,
the maerials tested showed mixed ductile/brittle fract{loealizedmixed mode fracturepand,

in several specimens, cracks normal to the main @iaclewere observe@Figure 9) These
characteristicen the fracture surfageecessitate special analysisgrdures. To ensure
consistent datemeasurementhe followingprocedurevas used for determining percent shear:

1. Calibration with a precision target was done before each day of measurements.

2. Each specimen was examined under a stereosewprotes were kan on its fracture
appearance.

3. As shown inthe examples ifrigures 9 andl0, a digital photograph of each specimen was
taken at approximately 11X magnification, and the brittle area and outer area were
outlined in the software.

4. The percent shear and areae calculated and recorded in a spreadsheet and plotted
(Figure 11).

5. A screen shot of the photographed specimen and outline was printed on a color printer for
reference.

Several assumptions were made pertaining to the calculation of the brittl& hesz.
assumptions are important since the atypical fracture surfaces of these specimens are not
anticipated in the ASTM E 23 standard. The irregularities include, but are not limited to: large
amounts of plastic deformatiolocalizedmixed mode fractur@hat is, an area with evidence of
ductile fracture wi t;Hracfurp sudakecokidation; and crdcksi t t 1 e fr
perpendicular to the main fracture plane. These characteristics make the fracture surface analysis
difficult as they extend beynd the scope of the E 23 standard. With these factors inveleed,
developed set of criterido make our analysis mooensistenbetween operators
e First, the analysis was performed in accordance with the guidance of E 23
whenever possible.
e Second, th total area was measured based on theffaedtire total area. That is,
plastic deformation is included in the total outer area calculation (not the
uncracked ligament area).
e Third, all flat regionscharacteristic of fast fractufespecially on oxidied
specimens where there were no decisive faceted, bright, shiny regions) were
considered to be brittle area
e Fourth, craclopeninggperpendicular to the fracture surface, even if shiny on the
inner crack enclave regiowerenot included in the britd area calculation. This
is because the opening of the crack is due to plasticity and its area should not be in
the Dbrittle are calculation.
e Finally, any area with localized mixed mode fractlirqpp oc k et so of bri tt
in the ductile regionwas sai to be 10®% brittle. This criterion was adopted in
order to provide conservative results for end usetsrms of safety of structures

Each of these assumptions is consistent with the spirit of the E 23 standard and provides a
conservative measuremesf the undesirable brittle fracture percentage. With these factors in
mind, each specimen required dafexamination.



Round Robin DigitaAnalysisResults

Thedigital analysis resultareplotted in Figure 11 The data for the two independent
imaging systems shows an average difference of 4.3 % SFA over the 87 specimens measured,
and a maximum difference of 15.1 % SHWis interesting to note that the agreement is very
close for SFA measurement up to about 50%, and it is again close atrlexatess of about 80
%. The trasition region SFA data in the 35to 80 % range are more scattered due to mixed
mode fracture regions and other eféestich asracking normal to the main crack front. In this
region of SFA, differences betweszsultswere as large &b % SFA. These differences are due
to the bias of the operatsince the brittle area for some specimens was very difficult to see.
Reference [9] reported results for a round robin using conventional Charpy specimtrat
study itwas concluded that the level of agreement among participants was greatest when they
were experiencedheresults were close to the FATT, and simphe-dimensional photographs
were used for comparisoi.he Reference [9] work, as well as the currentystpdint to the
importance of having well established rules for interpretation of the fracture surface features to
minimize bias of the analyst.

Round Robin Resulfer theFive Participants

As shown in Figure 12, datatalned viaa combination othe ghotograph comparison
methodand the planimeter methodsulted ina greatdeal of scatterDifferencesas large as 70
% shear were reportednd the average maximum to minimdifferenceof the 5 participants
for the 87 specimens was 41.9 % SFRe subszedspecimensre even more difficulio
accurately analyze usimnotograph comparison, since only fsiked specimens are pictured in
thecurrentASTM E23 standardIn addition, the specimens were hard to analyze due to the
presence ofxidation,splits, and high levels of plastic deformatioRurther discussion of the
round robin results follows.

Figure 12shows amuchlarge amount of scatter from laie-lab in the determinatin of
percent shear by tHre LES round robirparticipants.At this paor level of accuracy andwo
precision, further analysis of the round robin dataot meaningful other than tmte that the
scatter for the fivéabs is somewhat lower at the low and high SFA levels.

As discussed earlietyo sources for the scatteave been identifiedoperator bias and
met hod error. The error caused by ameeoperator
and/or tophysically interpret what is seen as either brittle area or ductile area. Method error, on
the other hand, variesgnificantly according to the method used. To date, the two methods that
are most commonly used are the photograph comparison method (method 2 listed in the ASTM
E 23 standard) and the digital imaging method (method 5 listed in the E 23 standardderBetw
these, the photograph comparison method is the most widely used in the steel industry.
However, this method, according to the E 23 standard, is the sleestaccurate method in
measuring percent shearherefore, given the difficulty in comparisgbsize photographs to
full size, and the highly deformed fracture surfacespmld be relatively easy to be three or four
photographsway from the correct photograplsuling in error bands on the order of 40 t6%
shearwhichis observed in Figurg2. Thedigital imaging methodas shown in the earlier
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portions of the papehowever, neayl eliminates the method errof.he much closer agreement
of the MPM and NIST digital imaging results demonstrates this point.

Percent Shear Area from Instrumreed Data

Most industries that use Charpy parameters for regulation or as a material acceptance
criterion use the absorbed energy parameter. It is likely that absorbed energy was selected over
percent shear because, in the past, accurate measureperdeoit shear was tedious since it
required area integration using a planimeter. Additionally, some materials do not exhibit clear
evidence of brittle fracture on the fracture plafer these materials analysis using optical
imaging is not possible. Hkever, there are available today, optical imaging systems which are
easy to use and which give very accurate results. Modern instrumented striker test systems can
provide very accurate Charpy leddflection data that can be used to determine the lnititsk
initiation load and crack arrest loads. These critical loads can be put into physically based
models for calculation of the percent shear fracture area. This solves the problem of not being
able to see brittle areas on the fracture surface, epéciawn to occur for some weld metals
The use of critical loads to determine SFA can also be used in conjunction with optical methods
to check results of the direct measuremeAithough the use of instrumented data in
conjunction with digital imagig to determine SFA has not been used much in the past, we
recognize this as a powerful tool for the future determination of accurate SFA data.

Recommendation®or ASTM E 23 Standard

It is recommended that the E 23 standard be amended to includeammbrdnges
related to SFA measurement and reportiAgsummary of the proposed changes to the standard
follows:

e The standard should clearly define the total area for percent shear calculation as
thetotal postfracture areaneasured on the sampl&hestandard does not
currently state that the plastically deformed asdacluded in the total outer area
calculation. Some users may incorrectly assume that the outer acakidated
based on thancracked ligament area.

e All flat regions (where thelis no decisive faceted, bright, shiny regions) should
be considered to be britt{east fracturejprea.

e Any crack perpendicular to the main fracture surface, even if shiny on the inner
crack enclave region, must not be included in the brittle areala@i@ecu This is
because the opening of the crack is due to plastasity its area should not be in
the Dbrittle ara calculation.

e Any area with localized mixed mode fracture (that is, an area with evidence of
ductile fractur e actute)shodlgpbe deknedtsa@00%f br i t
brittle region on the fracture surfac&his criterion is recommendeal order to
provide conservative results for end users in terms of safety of structures.

e The rankng of methods should be carefutjyantifiedto indicate the expected
accuracy and precision that can be obtairigased on experience and the results
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from the textbook specimen analysigthis study it is recommended that the E
23 standard should only allow the photograph comparison method astatigeal
approximation of SFA.

e Direct area measurement techniques such as digital imaging and the use of a
planimeter should be recommended as the primary, recommended methods.
Other methods, such as photograph comparison, should be moved to an Annex
anddefined as alternative methods of low accuracy for use only in cases where
area measurement techniques are not available.

e Additional recommendatiato reduce operator biabauld be added to the
standard For example, these recommendations can inclodbyst training,
establishing rules to define the brittle fracture region, the use of optical
stereoscopes, and the use of instrumented striker data.

e Percent shear should only be measured on sateskes! in theéransitionregion
wheremixed moddracture occurs For example, a material showing a fully
ductileinstrumentecturve (no sudden drop due to fast fracture) is by definition
100% ductile Users should not be confusedthg fact that upper and lower
shelfSFA can be determined without the ndedimage analysisand
instrumented striker data can be used exclusively to define this behavior

e The use of supplementary techniques should be recommended to check the digital
imaging whenever possible. Examples include {defliection data from
instrumented strikers and examination under the stereoscope. In cases where
instrumented strikedata areavailable, the 100 % sheand 100% brittle
specimens can be identified based solely on the instrumented striker Sigeal.
instrumented striker is extreely accurate for determination of whether there are
brittle fractureevents during &est. Further, equations have been develojed
use the instrumented striker brittle fracture initiation and arrest loads to calculate
SFA, and these can be used teathe digital image measurements.

Summary and Conclusions

In summarytheaccuracy angrecision of digital analysis methods are found to be more
than adequate, as expectetth resultssimilar to the planimeic methods previously use®ur
overallconclusion is that if the brittle fracture area can be seen optically, percent shear fracture
area can be measurpcecisely with high accuracyAs the complexity of the fracture surface
features increase, howeyerror due tmperator biass expectedd increase Digital analysis
results from thé t e x t derex éompared with tlseibsize round robin samplegjuantify this
observatiorwell: an averagédifference ofl.5% SFA anda maximum difference fo4 % SFA for
At e x t flacuoelsurfacedefinesthelow bias case;rmaveragealifferenceof 4.3% SFA, anda
maxmum differenceof 15.1% SFA for the round robin specimendgfinesthe highbias case
The lowbiascase for the textbook specimasadikely fixed since the measurements were made
on prigine fracture surfaces using statethe-art digital imaging technology. However, the
precisionfor thehigh bias caseanbe improvedn the futurewith the development of better
proceduresor interpretation of the fracture surface featumesludingthe E 23
recommendationgiven in this papeito reduce bias between operatdesirther improvements
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can be realized in the future by using SFA results determined from instrumented striker data to
check the digital analysis results.

Our study has alsodégo the conclusion that the widely used photograph comparison
method is neither accurate, nor precise and should be abarfdogedrtitative measurements
In particulart he results for the photograph compari so
gaveanavera@ difference between tlthgital imaging result and thghotograph comparison
method 0f19.6% shear, with the largest deviation being%Shear. This alone is sufficient to
demonstrate that the photograph comparison method is inaccurate aecisspHowever, the
LES round robin even more dramatically demonstrates the limitations of the photograph
comparison method. Variations as large as 70 % shear were reported on individual specimen
measurements, and the average maximum to minimum devaittbe 5 participants over the
entire range of 87 specimens was 41.9 % SFA.

Recommendations for changes to the E 23 standard have been made. These proposed
changes will make measurement of percent shear for typical specimens more clearly defined and
will give the user of the standard better guidance on the error to be expected for the various
methods.In addition, changes to the standard to address fracture surface features not currently
anticipated by theurrentstandard must be included.

The geneal conclusion from this work is that SFA can be accurately measured and
should be considered as a useful Charpy parameter. In typical Charpy specimen applications,
accuracies ohbout 1 % to 5 % shear area shouleékgected. Arguments have been puivend
in support of the idea that the SFA parameter, and the FATT index, are more fundamental and
physically based for the determination of the safe temperature for operation of structures and
components than an energy based parameter and index such-#es30 f
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Figure 1 Textbook Fracture Surface ShowingBright Shiny Faceted Region Surrounded by
Ductile Fracture Area.
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Figure 2 Example of an InstrumentedStriker Signal for a Charpy Test Conducted in the
Transition Region, Showing Sudden Drop in Load Associated withBrittle or Fast
Fracture Event.
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Boiling Water Reactor Surveillance Data
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Figure 3 Plot of SFA at 30 ftlb as a Function of Fast Neutron Fuence for Irradiated
Welds. Note that the Charpy Shift Measured at the 30 {tb Index doesnot
Increase Proportionally with SFA.
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Charpy Data for Irradiated Weld 1
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Figure 4 Plot of the Casel Charpy Energy-Temperature Curve. For this Material, the
Change in Slope Results in a Large kange (~45%) in SFA at the 30 #b Index.
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Charpy Data for Irradiated Weld 2
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Figure 5 Plot of the Cas& Charpy Energy-Temperature Curve. For this Material, the
Change in Slope Results in Only a Modest Change (~18%) in SFA at the 3ait

Index.
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Figure 6 Image Acquisition and Aralysis Hardware for Accurate Percent Shear
Measurement.
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Figure 7 Enlarged Image of CAD Drawings used for Precision Study.
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Comparison between Digital Imaging and Photograph Comparison
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Figure 8 Comparison of Percent Shear Data Obtained Using Digital Imaging with Results
Obtained Using Photograph Comparison Method.
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Percent Shear
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Figure 9 Example Showing Outlin es for the Brittle and Total Fracture Areas for aTest
Specimen wth a Large Crack Normal to the Primary Plane of Fracture.
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Figure 10 Example Showing the Outlined Brittle and Total Fracture Areas for a Sample
Having aFlat Fast Fracture RegionL acking Clear Brittle FacetsThroughout.
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