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Abstract - A series of slow-bend tests and of impact-tests on 11 d.ii':f'erentially 
precracked-Gharpy-spec~ensn has been done on main steel grades for 
shafts and gear boxes (4340; 9310; Nitralloy). 

For the main shaft steal (4340) di;(.ferent heat treatments have been 
tested. 

In the impact-tests some basic physiCal phenomenon already evidencia 
ted by Pellilli with DT - tests are encountered in the present inves~ 
gation. 

Slow bend testa data were elaborated with ori~ Ravez procedure 
and according to Witzke - NASA - procedure. 

Summary Introduction and outline of the D.P.S.nrocedure (**) 

- Exnerimental results 

Imnact tests and flat-fractures: 
Comparison of the specific EC 

0 
p~ot with the -pro'Pa.ga"tion resis-tance 

curve as determined by DT - testa. 

Slow bend tests: 
Comparison with NASA (ASTM) procedures (***) 

Conclusions 

-.-.-.-.-.-
EFTT Meeting Main Re!erences: 

(*) 

(**) 

(***) 

based on works ~esented at the ~-neering Fracture Toughness Tests , 
(EFTT), Meeting- held in Milano en May 31 1 79; organized by AIM, Aasocia-
zione ItaJ.iana di Metal1urg1.a, IGF, Italian Group o! Fracture, end 
AIF.A, .A.ssociazione Italians. per la Fatica in Aeronautica, and with the 
Sponsorship a£ AGARD. 

Accord..ing the main peculiarity of the test, the Fissad procedure will be 
also defined "di£ferentiall7 precracked specimensu D.P.s. procedure see 
test(A.~)and(B~)in the firat paragraph (also re!.1) 

Succop, Bubsey, Jones and Brown, (2 ) also lectures at the EFTT Meeting. 
Witzke and others (3). The procedures presented in both pe.pera are used 
in the following paragraphs. 
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Introduction and outline of the D.P.S. procedure 

The research lines described in this ?fork are basically the development 
some ideas outlined in a previous paper \1). 

of 

At that time several points were considered o~ outstanding importance 
and worth of future development: 

the liason of the "differentially precracked specimensn and of the french spec. 
AIR 0814 (4), with the two main families of tests under specifications in USA 
regarding Charpy-V specimens, namely: slow bend and impact tests respectively 
(see following parts of this paragraph). 

the physical meaning and the trand of the specific rupture energy obtainable 
dividing the impact energy by the ligament surface for each specimen broken in 
each EC0 dete~ation according 0814. 

the use of a series of di.fferential.ly precra.c.ked Charpy-V specimens for each 
test, (curves determined with different specimens). 

the parallel deter.ni..nation, in slow and fast condition for precra.cked specimel:ll3 
of identical. materials e:c.d t:eatnent. 

In thi..s presentation ~he main goal is to illustrate in a deeper way these previous 
points al.so by means of e:rperimental resul ta obtained in a characterization of 
steels nconsumable reme.lt'ed" and. specj..f'ically used in the gea.red-f.a!l technology, 
because of the more stringent fatigue and fracture problems ari.sizlg in this field 
as opposite to the nor:nal turbo-fan technology. 

The geared-fan technology is a short-nash det'inition given by Bamberger to the 
materials and engi;J.eering i:n-.ol vments of the E:E'JJTS (High ?ower Density Turbo
Shaft) • 

Basic papers dea..li.Ilg with fracture parameters as obtained with Charpy-V specimens 
C2Jl 'oe summarized as follows: 

A) Dynamic tests on Cha.roy-V s-oecimen.s 7 (inrnact tests A-a't'd.) :· 

(a) Charpy-V B'Oecimens subjected to imna.ct bending (Barsom and Rolie)C 5 );ci~ed 
also by Brosk l 0 J. 
Puruose: First proposed correlation with Krc starting from the determ;nation 
of total impact energy. 
Notes: Total determination o£ brittle and sheer 
difficulty in correlating - in a physical sense 
values. 

energies, and co.nseque.o:t:l:r, 
- Kr0 with the obtained 

(b) Precracked Chern -V st>ecimens sub: ected to instrumented il!!lle.ct (Koppenaal) (7); 
as a completation of Ronald work, see 3.a) 
Purnose: Separation between brittle and shear contribution by recording 
force during impact failure. 
Notes: Di.f:f'iculty in evalua-e:ion of strain rate sensitivity in case of corr_! 
lation with Krc• Possible expe~_mental difficUlties caused by frequencies 
which are typical. of the system and of the specimen, especial.J.y in case of 
the brittle materials. 
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(c) 

(d) 

Precracked Che.ruy-V Stlecimens subjected to instrumented im:oact 7 ~Y' )analogy 
with Z:oppenaal work (R.A. 'Uul.J.aert, D.R. Ireland, A.s. Tetelm.an) 8 
Purnose: Introduction of the use of instrumented tests with Charpy-Vprecracked 
specimens, even for high toughness, low tensile strength steels,and correlation 
with Fracture Mechanics~ 
Notes: This tes~ ~s recom~ded for low and medium strength steels as opposite 
to the normal impact on precracked specimens use:f'ull for high strength steels. 
Substantial effects coming from strain. rate, and differentiating Krc and Kid• 

Standard dimensions Charny-V S'Oecimens "'differentiaD.y orecra.cked 11 subjected 
to imnact tests ( 9) (note the simihtude with the slow bend test B.d) 
Purnose: Qualitative a..'"ld quantitative correlation of EC 0 and o:f specific energy 
from D.P.S.,with Krc• 
Notes: Standardization a! specific energy values in order to determine shear 
CO:Ot:ributions for control of constancy or-alternatively-of the variation 
between EC 0 and En, where ZC 0 is the extrapolated .energy for the :fatigue crack. 
length tendi:c.g towards 0 and En, is the energy value fo,r the e.ffecti. ve flow 
length of each spec~en4 See (Tab~e 1, step 3). 
The impact measuremen-ts are ~ade with a normal.. not instrumented, pendulum 

B) Static tests on ChSX"'y=V' sneci.::J.ena~ (slow bend tests B-e~) : 

(a) Precraked but not i~strnmented (subsize) Ch~y-V snecimens subjected to 
fracture by slow bendi.n.g. Most reliable correlation wi:t.b. Kic valy.JU3.,. in 
respect of other test on Cha..""!Jy-type specimens. (Ronald a.Ild others)~ IV J 
Purnose: Optimization of e.ngi-!leering fracture toughness teet by compa:r"~ 
differe~t uses o~ Charpy-~ specimens. 
Notes: Di~!iculty in finding the right ~1anation in termsof physical model. 
Deviation between scheduled and calculated values !or higher toughness mat~ 
rials. 

(b) Cha_"T""D, V subsize 6. 25 :mn) nrecrac.ked snecimens sub." ected to slow bend· 
(Succop, Bubsey, Jones and Brown}. 2 
Puroose: Measurement of the speci:tJ.c energy- f'or fract"".J.re 'tilrougb. u:rtegrat:i.on 
of the load-deflection curve or of schematization of it for correlation to Kic• 
Notes: Use oi' calibration factors- applied to the f:l:ac't'Ure energy vel.ues 
obtained with different ~odels. 

(c) Charn.-V subsize nrecracked anecimens sub·ected to slow bendin 
(Witzke and others). 
Purnose: Use of Ronald suggestion concerning slow bending but by cal~~ating 
fracture energy values accord·h·•g the different procedures as checked by Sue
cop in the ci"li:ed paper, Ltest B.bJ4· 
Notes: use of calibration factors applied to energy values. 

(d) V snecimens "diff'erentia.ll "Orecracked u subjected 
(note the similitude with the impact test A4d) 

of Kr 0 from D4P.S. in analogy with ASTM E 399 
Notes: A series of F-5 curves for several precracked samples for determination 
of one Kr0 figure. 



Exnerimental results 

Specimens and testing eauinment 

- for tensile tests: round specimens (,0 4 mm x 4 d) tested on Instron dynamic/ 
static electro-hydraulic machine; using strain-gauge exten 
someter. -

-for slow bend tests: Charpy-V specimens precracked on FISSAD facility, at 
predetermined crack depthes and tested on Instron dynamic/ 
static electro-hydre.ulic machine using thl"ee-point-ber.d 
fixture and strai~gauge extenaometer for plotting load 
vs. span. 

-for impact tests: Charpy-V specimens precraoked on FISSAD facility and tested 
on Charpy 300 J pendulum end on MAN:LABS pendulum; the ohoiee 
of the pendulum depending on the hardness level. 

Materials used 

- SAE 434Q-ESR ,0 20 !ll!ll spec.: STA 1 Do-85-04 
(treated for 31~34, 36~39, 42~45, 4~50, 53~55 HaC) 

-SAE 931Q-VA.Il. .0360 !Jl!ll 

,0100 mm 

spec.: AMS 6265 (tr. 35·.,.39 HaC) 

spec.: AMS 6470 (tr. 4~51 HaC) - Nitra.lloy 
(135 mod•) 

P.na.l:ysis 

4340 - ESR 

·9310- VAll. 

Ni tralloy-VA.Il. 
(135 mod.) 

Data nreseni:ed 

-VAll. 

c 

0,40 

0,09 

o, 41 

Si Mil Ni 

0,33 0,78 1, 73 

0,30 0,47 . 3,33 

6,40 o, 61 -

Cr Mo .AJ. cu s p 

0,82 0,26 - - 0,006 0,010 

1,36 o, 13 - - 0,002 o, 010 

1 ,69 0,35 1 ,02 0,14 0,001 0,007 

The data presented can be summarized as follows: 

• preliminary: figg. 1 , 2, 3 and 4 are prelimi.nary' enerimeilta.J. evidences 
related to the "resistance - curve'•e,Pproacb. to the EC0 
plot~ according to the D.P.s. procedure. 
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TABLE 1 

"FISSAD" AND D.P.S. SYSTEM FOR EVALUATION OR ESTIMATION OF FRACTURE TOUGHNESS PARAMETERS 

a 
(mm 

a3 --------

a2 ---------

I CHOICE OF MATERIAL I 
I 

·POSITIONING OF SAMPLE 

I 
ADJUSTMENT AND CHOICE 
OF a K AND OF CRACKING 

DEPTH a 

TAKE A NEW SAMPLE I 
T 

1 PUT A HIGHER a K 1 

NO YES NO 

a, -------NCif BROKEN 

A CRACK IS 
NUCLEATING? 

~----------~·~Go ON?j>~~;--------+<·~sT~O~P~0 
~ 

n 

STEP 1 

1 da/dn; o 1 (m':o)l BROKEN 

a3~·· ---- ---a2 ____ ---

a1 ---- ----

n 

measurement of n i 

a "i n 

a2 ---- • 

(mm)l~ PRECRACKED 

a3 ---#[--. 
STEP2 a, --- -

~~~------------------------------ n; n 

STEPS 

n1n2~ 

DETERMINATION OF F=f ( S) 
CURVES AT CONSTANT a VALUE 

S,_ FOR DIFFERENT MATERIALS 

+ 
! CURVE 'F'Vs.BENDING 'S'WITH l 
I POSSIBILITY OF INTEGRATION I 
i (WORK) TO DIFFERENT 'S' 

1 
1 

i VALUE. i I 

YES 

DETERMINATION OF THE N° l I 
OF CYCLES TO NUCLEATION nj PUT A LOWER a K 

lla/lln YES ~0 
TOO HIGH? ,_._.__._..,-._._._._._._K GO ON? STOP) 

NO 
log dafctn 

\ FOR EACH SAMPLE A lla/lln 
I FOR A DETERMINED ll K 
I MEASUREMENT AS AVERAGE I OF SLOPE AT H2 AND 3 rnrn 

USING DATA FROM RECORDER 
WITH DATA FP.OM THE DIFFERENT 
SAMPLES ._RELATIONS dafdn---"> K 
-cURVE OF PARIS (CENTRAL PART) 

PRECRACKED V-NOTCHED 
SAMPLES WITH DIFFERENT 
DEPTHES a1; a2; a3······· i 

y LIKE WITH SLOW BEND TESTS 

DIFFERENT USES OF PRE- INSTRUMENTED IMPACT TEST BUT FOR EVALUATION OF KID; .._ -------------+- J, OR FOR OTHER CORRELA-
CRACKED SPECIMENS TIONS WITH KIC AND MEASU-+ I 

F max 1 l/\.---t-~ a1 

Fmax 2 1---..f-7.-1 

Fmax3 ~{__..._ 

STEP6 

Fmax 1 
Fmax2 

Fmax 

\olr./~a3 

s 

EVALUATION OF KIC AS IN
TERPOLATION FROM 3 OR 
MORE VALUES OF Fmax FROM 
'F'Vs.'S'CURVES FOR SAMPLES 

; WITH DIFFERENT CRAK DEP-
I THES a1;a2;a3 .... (AFTER RAVEZ) 
I 

r OTHER METHODS OF EVALUA-
1 TION AND MEASUREMENTS 

I 
I 
I .. 
I 
I 
I 
I 

I WITH PRECRACKED CHARPY'V' I 
L...L...L_-L..~---- I SAMPLES FOR OBTAINING (ES- -

•1 a2 a3 a I TIMATED) VALUES OF KIC; J; 

Fmax3 H-i-+~ 

, COD; etc. 

REMENTS OF J 

IMPACT TEST 

I PRECRACKED IMPACT TEST WITH 
:CRACK DEPTH a1 ;~;a3 ........ FOR 
! ESTRAPOLATING EC0 

STEP3 

1
1 EC0 --KIC 

STEP4 

ECo 
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• impact-tests: 

• D.P.S. limits: 

• slow bend tests: 
(NASA procedures) 

• 4340 - ESR: 
(overall tensile 
and fracture 
characteristics) 

• 4340 - 3SR: 
(overall Charpy-V 
fz-actu.re tests) 

• Comparison 
between di~ferent 
stee~ grades: 

figg. 5 and 6 are related to the 
by means of the EC 0 plots and of 
version of the EC 0 plots, on 4340 

systematic investigations 
the "specific energy" 

ESR steel grade. 

fig. 7 marks the actual l~tation of the D.P.S. procedure 
(dynamic as well as static) when the aim is to obtain 
LEFM based parameters, (Outside of LEFM the !:00 plot is 
very usetu:ll as quality level indicator) •" 

!igg. 8 and 9 evidentia.te the comparison between static 
D,P,S. results and data obtained from the identical load
deflection curves according ~o different NASA procedures • 

ill. fig.1 ca. summary is made for the tensile as wel.l as for 
the static and dynamic D.P.s. figures obtained from 4340 
ESR ChB.I!'Y-V specimens. 

fig. 11 shows a compariSon between the two D.P.S. procedu~ 
res (static and dy::::J.amic) as well as for the two NASA pro
cedures as used. 

Table 2 shows n.umerical data abpUt tensile as well as frac::, 
ure toughness for three :nai.:o. steel grades used in the 
geared - fan technology and e:qJerimented in th:i.s work. 

* See, for example experi~ental data for the steel used in the pylon o£ the A 300 
lirbua, in the paper of J. Odotico, 'ETifTT, Meeting .. 
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0~ 
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I I 
3 

-e- ___ FM!:!Q.IBLE --~c, ~d 

PLANE STRAIN PLANE STRESS 
CONFIGURATION CONFIGURATION 

FATIGUE PRECRACK LENGTH a ( FOR CONSTANT W) 

LIGAMENT ~a (CRACK EXTENSION) 

( CRACK PROPAGATION TRAVEL ) 

'Fig. 1 Model for the propagation resistance curves determined either by 
recording specific energies as determined on Dyn.am.:!..c Tear speci
mens at increasing creek propagation vaJ.ues, A a, or by recording 
impact specii'ic energy on precracked Charpy at increasing pre
crack length a. The two systE!!IS for recording impact values are 
op:posite in the dia.gram. The system with D.P.s. Gharpy-V corre
sponds to the nspecific 0 version of the EC0 plot,(left side). 
1 = high resistence; 2 = intermediate resistence; 3 = frangible. 
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Imnact tests and flat - fractures 

Comnarison of the snecific EC 0 nlot with the propagation resistance curve as 
determined by DT-tests (fis. 1). 

The main point for this comparison lies in the dynamic determination (step 3, 
tab~e 1); the gross rupture energies applied in the original procedure are mod! 
fied into specific ru.pture energy by dividing thrau.gh the ligament surface to 
obtain a "specif~ca EC0 plot. 

Apart the trivial fact that the specific energy vs. a (oracle length) (see plots 
step 3) are oppos;Lta in trend in respect to the original Pellini, Goode 
end coworkers diagrams ( 11), it is clear that this type of representation 
for the specific energies of the differentially precracked specimens corresponds 
to the propagation resistance (R- curve) det~ation(apart the diMension of 
the_ specimens~ invo~ved) (see fig. 1). 

Considering the Dynamic T2ar propagation resistance method~ severaLl points 
seem worth of note and comparab~e rith speci.fic energr version of the EC 0 plot 
(differentially precracked specimens): 

• the use of ~:ferent impact val.ues obtained from oversized Charpy specimens 
dif:ferentialJ.y notched or precra.cked in term:J of variation of the ligament 
lenght, ( 6 a, also defined as oracle extension or oracle -propagation); 

• the i:J.terpolation of a curve trollgil. the exper1m.en"tal. speci..fic- energy values 
and the consideration of the anal,:'tical for:n o£ this function; 

• the assembl.y (on the same cuxve) of points with di:f:farent physical meaning 
(with or without shear lips); transition from nat fracture to shear fl:acture; 

After consideration of the formal analogies involved in the DT resistance -
~e plot and the speci£ic version of EC0 plot, these following differences 
can be evidentiated: 

• the m.os-t important region of the DT resistance curve is the highest values 
portion (because the aim was to rationalise the beharior of the materials under 
plane-stress); on the contrary the energies o.btai.J:led at medium and low leve.ls 
of ligament (medium end high fatigo.e-precracle ~engths) are fonndamental for 
plotting the EC 0 curve;-

• the rationale of them resis-tance-curve is an higher order two parameters 
function taking into accoun-t the increasi:c..g slope, the influence of the two 
parameters thick::J.ess B and crack propagation-6 a, and describing· the trend 
or the transition between plane stress and plane strain; on the contrary the 
EC 0 - plot - points are interpo~ated with a simple line (originally a straight 
line) and EC0 is the e:rtrapoJ.ated value to zero precracking; 

• in the DT resistance-curve the experimental aim is to obtain the raising part 
of the propagation function; instead with EC 0 plat the experimental aim is to 
extrapolate to a limit" value(EC0 ) 7 corres-ponding to a maximum possibl.e percen-tage 
of flat fracture; 
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• the main goal of the original DT propagation-resistance curve was to give a 
synthetic representation of the evolution speed of a sharp flat-fracture crack 
front into a smoothed 45° shear lips configuration, as essential for a valuable 
propagation damping; as opposite, the specific EC0 function is a way to reduce 
shear lips contribution end to put in evidence the work tor opening a standard 
defect, essentiall.y under pseudo plane-strain conditions; 

• in the DT resistance curves the embrittled notch is different in respect of the 
:fatigue well defined notch of the EC0 plot. 

The nat-fracture condition and the constancy or variation of S"Oecific energ:y in 
a "differentially urecracked s"''eci;:nens 11 nlot 1 (figg.2-3-4). 

The series of flat fractures for dif:f'erent ligament lengthee as experienced i:::J. 
certain cases by Judy and Goode~ in a previous LTS work, as well as dur-i-=.g 
the actual program of tests, can be considered a typical physical. p.b.enomeD.on 
connected with the redUced extent of the propagation resistance as exhibited 
from different structural materials, at some hardness levels • 

• This si~ation, in fact, can. be expl~ed eit~er wi~h the persisting absence 
of shea~ lips for al~ ligament conditions tested 1 or alternatively, {at least 
from the theoretical pain~ of view) with the presence o~ constant perc~tage 
of shear contribution in all impact specimens tested for each family• 

• This constancy in Charpy fa.tigc.e precracked specimens was at first tii:le exne
rienced during normal EC0 (AIR 0814) test for tbree different steels C 1 ) ffigg. 
2 and ·p. -

• Ai'ter· a check on al.ternative impact measurements it was found t.hat this nat 
trend for the propagation energ:r was also encountered from Judy eild. Goode ei
ther in steels lil l as in alumi= alloys (11) • 

• As a consequence of the fi..-st preliminary resul.ts found in d..i.f"ferentially 
precra.c.ked Cha.."""Py-V specimens and in coDSequence o:f the two cited papers 1 a 
sistematic control o:f' the specif'ic energy for propagation,calculated on all 
Ch.arpy SJ?ecimen tested, was pla.nned as a normal rule, combined l'ri th AIR 0814 
specitica.tion. 

The simple control of the trend a:! the specit'ic energy- can allow two dii't'erent 
and opposite type a! results: 

an additional indication giving warranty that :flat-fractured CharF.; speci1llens 
are reaJJ.y in conditions of. elastic rup-ture, (see expe:ri.::nental. resu.l.ta); 

a rational description o:f the higher energy side of the D • .P.s. Ch.srpy-V 
impact plot (presently discriminated ar less used) in term o:f propagation 
resistance prediction according the Judy and Goode suggestion for the much 
heavier DT tests; (see for the 1'-para.!?itic contribution" in the EC 0 plot., as 
evidentiated by Ravez, fig. V a:f :r;e:f\9))· • 

• Activity on this second point is in progres with the aim of ~oving the 
correlation between EC 0 data and Krc values fat higher tougimese, it' means in 
the range where the correlation. is now laddng {see next paragra-phs). · 
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sr-----------~----------~------------~----~ 

• • 

0 3 a (mm] 

?i,g. :a Dete:r:ti::aii'ion o:f 3:: 0 !'arsm.e-tar for· th...-ee d.i.!!'ar9Xrt casea; • = ESR 4340 
~a:t:ad t~ 12.o-1 Z7 htar, wi:t.h a.bl:wr.:na.l gra.i:l. si:z:a; • =' ESa 4340 'li:"eatad 
tor tile same ~~ss leva~, 'lrl:t'.b. a. s"tan.d.a....-:1 ~ced-c:e~ -+- = 30 .ffC!I 10 
t::"'sa.tad for·· 17'5 hbar; a. : fa-tigue ~ecrack le;c,gth.. ?:t-om. re:t' ( 1). 

5;-------------r-------------~--------------------~ 

I I 
~T 
~· 3l!-

l 
• • I 

§ 

'" 
" ~ 'U • :a 
~ 

• • 

1 
l + 

• 
• 

,L 

0 2 a [rnmJ 

~ig.. 3 Spe<:i.t.ic anerg;:r values calcula.tad accardi.::::.g to the ?C:t..:k"t:S of f:!.g- .. 2 
·T'hi.:s is a. £fped.:':!.c 2C0 -plait: spet!it'ic i:Irpac"t values ars ?lo1:'t:ad as 
a :'\lotion of the pre~:"a.ek. l·:ng-c.b. l.ilte ~ the origi.:lal 0814 S9ec., 
~tead ~a ~c~~on oz· the ligament·~ a (E-cttr7es). 
?or ~he :nost· ·or:::t;-~ :ne:t e-T"i.al. ( 4340 ab.tlc.~ grai:l. si z"S; • "90i.::r:s} 
~b.e S"PeciZ'ic ~eat e:aarg:r is :letarl$" cons'ta:r.::.i: i::l t.'lmction o! tb.e 
?ree:::."::'!cki:lg 1 engt.b. a..;! or t!J.a otb.e.:t: ~o. cases- ( ~, • ) th~~ is a sma.ll 
variatJ.on of S!Jecit'ic. energ:r i::l. ~ti.on o:t a,. ra-f( i). 
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D.T. ·specimens D.P. specimens 
(with different ligamenta) (with different fatigue precracks) 

Fig. 4 Typical. examples of constat~.c:r of the .specific impact energy values 
(in case or flat-fractures) obtained either with DT specimens (11) 
and with D.E.s. Charp-y:-V s-pecimens subjected to impact. 
The D • .P.s. flat-f'ractures were obtained dtU"i.ng systematic work 
on 4340 ESR stee~ described in the n~ figures (5,6). 

• HAC 31 ~34 

4340 ESR o HAC 36+39 * HRC 42-:-4.5 ECo .;. HAC 48-:-so 
X HAC 5a+55 

~· 3 
' 200 

r J J 
200~--------~----------~----------~-----. 

1 

ecvN:=118J 

1:~~!~=~~-o~86~~----~---
:~rCVN=70J 

100 - 80 
70 

=-i~! 40 ~=:co 39 

3oi -:::---~--..,__--~ ~~CVN =22.9J 
:zo , EcvN"' 22,.5J 

0 

0 

l:o 
10 
8 

; 
4 

0 

tEcvN=16,4J 

~'Eco~r------!_~---~~-----cco 13,1 * " * * ~8 
~ 

.,. TX t! .,. .. 
X X "'+ 

2
3

1!E~C~oJ2~,9t:::::::::::;:::::::::::~==~:::;:::J 
1 

ECo 2.3 

2 3 a[mm] 

Fig. 5 EC0 plots for the five families of Charp~ specimens, machined from 
an identic~ her of 4340 ESR end treated for different hardness levels. 
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Comuarison with NASA (ASTM) procedures (*) (~igg• 7,8,9) 

In this comparison the step 5 and 6 of the differentiaLly precracked specimens 
technique are to be considered (see table 1). 

In fig. 7 an internal check of the self-consistency of two D.P.S. procedures 
(static, end dynamic) is carried out on the Charpy-V specimens coming from the 
same 4340 steel bar. The experimental points were carried out at the same UTS 
level used for the remainig parts of this work. 
This figure evidentiates the main limitations of the D.P.s. tests (either slow 
bend or dynamic): the values of the static tests are well below the correlation 
line (double arrows) and the dynamic test values are increasingly in excess on 
the right of the dotted-line (single arrows). In a preVious work, with less 
tough steels,( t.he limit of the Krc vs EC0 correlation range was exi:imsted at 
abau't 30 (]] 1 J • 

Due to the above mentioned l.imi tations the F vs S curve al.resdy used for the 
detennination of the As~ sample• Kr0 values according the D.?.S. procedure 
were subj ec!ed to the ca.l:_"-uJ.ations accordi!lg to the two NASA systems ( equi vaJ.ent 
energy and W/A to Pma:.c) U J • Data obtained from static D.P.s. wer!! compared 
either with the 11 equ..ive.J.en"t energy• data and with the "W/A till Fma:x:« da-ta; the 
comparisons reported in fig. 8 and 9 respecti vel;r show a fair agreement in a 
typical aerospace range and present for the D.E .. s. tech:c.i.qtl.e a systematic drop 
at high toughness levels. 

The di.t.ferent considerations can be d.i vided ill two groups 1 nam.eJ.;r: 
-comments from the po~t ot view of methodology; 
-comments from the poin-t of V'iew of !llliilBrical rel.iabili ty (!or uample in term 
a! value obtainable according the original AST!Il atanda.""d). 

As for "the methodology« the two main comments are: 1) the D • .P.S .. tecbnique 
(using for the slow bend det~tion load values read on testing machine) is 
one of' the !IlOSt easy experimental technique permi t'ting to reach fracture 
parameters in the !:lost straight wa:y; 2) the D • .P.s. technique is also dependable 
because of the pecUliar use a! the nomograph. On the OI'POSite the !IAS.A(Witzl!:e)C3) 
technique are less straight forward beceuse o:f the calcu.J.ation.s imposed by the 
procedures. 

As for the "numerical reliability• the price of the procedural simplicity is (at 
least for our e2:!)erimental. tests) partial.l;r paid by a lass of martrmnn load 
because o~ plastic deformation~ starting ~om the region of medium toughness. 

According to the simplest way of application of ~he D.P.s. technique (as o~gi
nally proposed) the after-yalding :t'ractura tendancy typical a! smaLl specimens 
seems to 'Penalize the medimn and high tougblless tests (see e:rperi...mentaJ. resu.lts) 
in sense of giving always conservative values, at hi.e:h tou&dmess .. 

This main trend evidentiated for the slow bend figures made following the D.J?.s. 
technique is one at the main explenatio~ for the pron~ced deviation (on the 
low side from straight line correlation) between the Kic slow bend and the cor:re!!. 
pending EC0 values; (fig.7) • 

• This can 9!IIphasise once more the 'two InBi.n reasons o:f deviation of the values 
deter.nined follo?fi.ng engineering fracture tuoghness tests(in respect o£ the 
originaJ. AST'J[ stand2rd~as made according first proposals, (see introduction). 

(*) see test (B.c) o! first paragraph. 
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In case of small specimens bending tests in which the maximum load is recorded 
(and used without taking in due account the actual behaviour of the plastic 
zone) this vaJ.ue givee normaJ.ly Krc (it woul.d be better to say KEFTT) lower 
than valid KrcjOn the contrary in case of sm.a.l~ specimen subjected to bend 
for recording (integrated) fracture energy value 1 this vaJ.ue as whole is 
normally the origin for too high fracture toughness determination (for very 
well known reasons). 

The first tendency (negative deviation of KEFTT in respect of vaJ.id Krcl for 
medium or high toughness D.P.s. slow bend is very well illustrated by the 
different cases studied by RAVEZ. The originaJ. D.P.S. slow bend technique 
having chooaen the most restrictive load. determination c~~t~ad 0~ pass~ 
trough the complete energy integration) is cons:istent.U on the conservative 
side. 
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Fig. 7 Cross check between static and dynamic D.P.s. tests on identical 
Charpy-V specimens, machined from identicaJ. 4340 ESR bar, (see 
also experimentaJ. resul. ts) • 
This example evidentiates the main limitatio~ of D.P.s. figures 
(dropping vaJ.ues over 20 §)and consequently the opportunity of 
alternative procedures for medium-high toughness levels (see in 
experimental results data calculated according NASA procedures). 
The dashed line corresponds to the original Ravez correlation 
line tor steels. The experimental points are carried out at the 
identical. UTS levels of figg. 5,6 and following. 
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(WITZKE, NASA). 
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Fig. 9 Cross check between D.P.S. procedure end X:r0 ·obtained from W/A. 
tacllnique to Fma.x (WITZKE, NASA) • 
The congruence is ma.in:tained in the t3'1'ica.l aerospace material. range. 
The divergency of EC 0 values in the range of Krc :> 120 MPa Vm d.isa:E_ 
pears because of trtmca:tion at Fm.a.x of the energy integral (as 
foreseen by the NASA procedure). 
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Conclusions 

In fig. 10 (overaJ.l mechanicaJ. characteristics, tensile as well as f"racture 
data) the congruence between the trend of the "small sample" Kic (from D.P.s.), 
E

0
vn and EC

0 
for hardnesses higher than about 40 HRC , is worth of note. 

The largest difference between E0 vn and EC 0 is obviously at the minimum 
reported hardness. At minimum hardness the trend of the static D.l?.S. Kic is 
misleading for the loss of maximum load because of plastic deformation. 
Fig. 11 (4340-ESR, fracture data obtained with different evaluationteclmiques) 
shows that in the YTS range 1600 ~ 1300 MPa, the two D.P.S. procedures as well 
as the two NASA procedures are in mutua.J. agreement. 
In the 1300 + 1000 MPa range only the static D.P.s. procedure is in agreement 
with the two NASA procedures. At lower level only the two NASA procedure 
remain in fair agreement. 
The data obtained with the two "small sample" approaches, in the ~ange of 
ll!Utual agreement, can be com;>ared with an indipendent source of data (fig.12). 

Conclusions can be summarized as follows: 

a) Slow bend on precracked Charpy-V specimens: !IIll.tual and 11cross checku reli~ 
bility of the different procedures as discussed in this ~resentation. 

b) Impact testa on precracked Char?Y-V specimens: oain steps of evolution for 
the plain impact i!lea.suxem.ents (without possib~e comparison with other 
procedures a£ comparable s~licity). 

c) Some additional peculiarities of D • .?.s. teet worth of future development .. 
Limitationa o:f'-pla:i.:l. - strain tests .. 

a) According the experimetal results obtained in this work vri th aircraft mat!_ 
rials, it is :possible to give con:t"idence to .fracture toughness par.ameters 
as determined either by D.? .. S. slow bend Charpy-V procedure or by the ·two 
NASA procedures used. TJ:le dif.ferent" types of a!19roach are giving results 
in agreement in a range essential for the a.ircra:.f't industry. The validity 
range of the D.P.S. procedure (as already evidentiated by Ravez)is limited 
to 120 ~ 130 kg/mm2 aod is therefore smaller than the NASA ranges. 

The adVSJ:l.tage of the D.? .s. a-pplication is the higher simplicity. In case of 
higher·tougbn:ess it is advi.sable to use the NASA proc:edures with the related 
caJ.culatiOilS. 

b) Concerning the straigb:t pla.i.!J. impact measurements it is possibi~e to 
conclude that aiter the first suggestic.J:f to correlate the bare impact energy 
to Kic as proposed by Bars om !!Ild Rolfe t5), two additional !!lain steps have 
been put . in evidence now (one consolidated end one in progress): 

the French S'Oecimens issue of AIR 0814 for the i.mtlact test on "Orecracked 
Charn;y-V, allowing to correlate Kic with EC 0 (and not with Ecvn energy), 
by reducing gross ple.stic contribution by means of dif:ferential :prec~ 
i.ng; 

the deeper discrimination o:f' the shear energy con-tributions to EC
0 

(even on medium - high tougb.ness materials) by taking in"to account the 
variance ot specific rupture cnergy.One of 'the basic intrinsic assUIII'ption 
f'or the unan plastic" EC

0 
~ue extrapolation should be the cqnsta:J.cy of 

the specific ~act energy. See for example pag. 1 of Ravez~4). 
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c) ?iDa11y another point def~tivelr on an opposite field in respect of the 
l~ear elastic fracture mechanics is the analysis of the whole suecific 
energy c~es, for the determination o! the propagation resistan~e, as ~ 
function of the crack depth. I!J. this case there is t·a Che·ck···i.{ and at what 
extent the form used by Pellini can be used, for s~er impact specimen. 

Concerning the steel behavior in plane stress it is ~ecessary to cattpare in 
table 2 (reporting tensile and fracture data for the three different grades) 
the two grades 4340 and Nitralloy at the same YTS level ( 1500 + 10 MPa), 
Even if the 11 sme.ll sample"Krc and the EC 0 figures for the two :;rteels can be 
compared, the sole consideration o:f El, ROA and E0 -vn should suggest the 
choice of the 4340-ESR 'instead of the Nitrallo1,even for ~itridsd n~s. 
This is one o:t~ t-he ma.izl reason for recordi '"'g the frac ... ure parame1;ers as 
quality level ~icator; even far outside of the ~ange of valid co~ela~ion 
o:f 11 !:Hnal.l. sample 11 3:r0 values • 
.l com-plete .j:o.dgemen.1; about the merit o"f tb.e t-.vo g:oades ('oot.h., consumable 
rsmsJ.ted) 'Should consid.are t-he comna:rabl:= 3:,.,.., level 1 as a necessarj buii ~at 
sui'!'icie:o.t co:mii -:.'ion.. I.:l case o:f ;ateri.aJ.s -ri tb.. a coiii:pa:rabl.e C2C:t"'.J.I"e 
t-oughness (the ~Ic value is rs~a~ed t-o the f=sc~~e ~tiation) the fi=al 
cb.oice should. tend -t:o the ::12.terJ..al.. ;vi:t:b. ~.b.e bet~~· pro!Jaga:tion rssis;;ence
behavi au.:. 

'l:!le authors a:rs g:osatl:7 eclebted to fl.E.. 3rcwn.. and. J .. S'.aa.tm.O!l of -:;.b,e :tA.SA 
Lewis Reseercb. Ca~iier1 e:ad to J" •. -Odorico, J.. 3evalo-t: 8lld A.. 2-avez. :f=om 
the ~ trench ae=ospace i:dustries,for the valid can~butions ~ tor 
tbe p~-tecipaticr.n a~ the SFTT ~ee~-g~ 

The coope:ration. cri ~. Ciprand:i. tor the ma.i1l p~ of ~x;er.-:J.e::t:r~-.a.J. ;vork, 
o:f G. Donze.lll., I .. T:ieppo for disct:aaions., has been also higl.J' ap:Prscci£ 

ted. 
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Fig,10 Mechanical characteristics for 4340 ESR treated for five hardness 
levels. The following poill;ts are worth at note: 
- the congruence of the trend o£ Krc• EC 0 , :plai..n impact EcVD., in the 

typj.cal. range for aerospace a!)plication (UTS > 1300 M}Ja). 
- the Krc (slow bend D.P.S,} values (as obtained with the original. 

D • .?.s. techniaue) e'tideni;iates a mi.slead..i:J.g :fal.l.:i.ng trend at 
UTS < 1 300 MP,;. 

- at high hardness level, the competiti"Vity ot RoA and EJ. val.ues 
in res~ect of the lower hardness ones. 
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+ ::: equi \"alent energy; 0 = integration to Fmax; 
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The lines follow the hardness from lower to higher values. 
All techniques feature comparable figures of Kic tor YTS > 1300 
MPa. 
In the divergengy renge (YTS < 1200 MPa) the higher values are given 
by the EC 0 whilst thil lower values are given b7 the _slow beiJd D.P.S. 
The two NASA procedures, in fair e.greement lies in the middle range 
for X:Ic • 
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:t 0,44 + 0,66 + 6.) 

1276 1230 18.9 

+ 0.4 + 0.51 + 5.2 

995 921 2),5 

± 0,26 ± 2.96 ± 1. 9 
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;!: 0,65 + 1.01 + 4.2) 

1224 970 17 

± 0.20 + 1.)1 + 5.85 
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± 0.09 ± 0,78 ± ),56 

1763 1406 4.2 

± 0.25 ± 0,66 + 18.5 

1723 1447 4. 1 

± 0.05 ± 0,2) ± 25.4 

TADLE 2 

K
10 

from K
10 

from K10 frorr K10 from ~· Krc-F.eg,_.: .5(------ ) HOA EOVN EGo EGo D.P,.S. F max F eq. 
YTS 

(%) (J) (J) (MPaVm) ( ldPa y-;;;-) (MPav.;,J (MPav;;;) (mm) 

46,1 21.5 2.) 47.1 46.1 44.1 45.6 2.28 

+ o. 1% + 5.90% 
54.6 16.4 2.9 52.7 64.0 56.4 59.6 ),62 

:t 0,66 ± ),04 

55.4 22.9 1),1 111.7 11),8 105.) 118.7 18.82 

± 1. 54 + ).75 

57,) 70 39 . 192.4 120.8 132.7 146.6 )5.40 
' 

+ 2,02 

64.4 118 06 280,8 101.2 132.7 147.) 6).96 

± 0,) ± 5.5 . 

71 .. 133 69 254.5 107.0 

L a Longitudinal 
+ 1.07 :t 8.5 

69.4 110.5 69 254.5 110.7 Li = Long. intern. 

± 1.4 3 ± 0.) Le = Long. extern. 

69.0 106.5 65 248.2 110,7 T = Transverse 

± 2.9) ± 1).9 

9.9 4,04 2.55 49.6 78.7 

± 27.5 + 6, 1 

12.) 5.09 2.6 50.2 77.4 

± 16 ± 12.7 
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