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The crack tip strain field of AlISI 4340

Part Il Experimental measurements
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Crack tip strain maps have been measured for AISI 4340 high strength steel. No significant
creep was observed. The measured values of CTOD were greater than expected from the
HRR model. Crack tip branching was observed in every experiment. The direction of crack
branching was in the same direction as a major “ridge” of ¢, strain, which in turn was in
the same direction as predicted by the HRR model. Furthermore, the measured magnitudes
of the ¢, strain in this same direction were in general greater than the values predicted by
the HRR model. This indicates more plasticity in the crack tip region than expected from the
HRR model. This greater plasticity could be related to the larger than expected CTOD values.
The following discrepancies between the measured strain fields for AlSI 4340 and the HRR
predictions are noteworthy: (1) The crack branching. (2) Values of CTOD significantly higher
than predicted by HRR. (3) The major “ridge” of ¢, strain an angle of about 60° with the
direction of overall propagation of the fatigue precrack, in which the measured magnitudes
of the ¢,, strain were greater than the values predicted by the HRR model. (4) Asymmetric
shape of the plastic zone as measured by the ¢, strain. (5) Values of shear strain y,,
significantly higher than predicted by the HRR model. © 1999 Kluwer Academic Publishers

1. Introduction strain fields at the crack tip for a strain hardening mate-
This paper is the second of a series of papers describinggl that is isotropic and homogeneous. In the crack-tip

a study which has measured the crack tip strain field foregion, the elastic strains are small compared to the
AlSI 4340 high strength steel. Kinaeval.[1]in Part|  plastic strains and can be neglected. Therefore, only
described the measurement technigue. This present ptite plastic stresses and strains are considered. The ma-
per presents the crack tip strain measurements usirigrial is assumed to satisfy a power law relation between
specimens loaded in high vacuum and therefore represtress and strain of the type:

sents measurement of the intrinsic strain field with no

environmental influence. Kina@t al.[2] in Part |1l de- e a\"
scribe the experimental results obtained in the presence 0 = “( )
of pure hydrogen and water vapour. This present study

builds on our prior work [3—-6] which has shown that \yheres ando are the uniaxial plastic strain and stress,
stress rate eﬁects can be an important part of_the SCG, is the yield stress = oo/ E is the yield strainE is
mechanism for high strength steels undergoing SCGoung’s modulus is a material constant anis the

in water. In particular, Oehlert and Atrens [6] showedstrain hardening exponent.

that high strength steels like 4340 do undergo a signifi- |n polar coordinates (angfeand radial distance from

cantamount of primary creep at room temperature. Thene crack tipp) the asymptotic crack tip strain is [7—9]
present study was undertaken to measure creep effects

at the crack tip in order to relate crack tip plasticity to 3 o

stress corrosion cracking. As part of this overall aim, &ij = a[i] &j(6,n) (2)
the crack tip strain field has been measured and is com- aoogolnp

pared with theoretical expectations.

There are several theoretical models which describ&herei, j correspond to the radiysand angl& in po-
the strain distribution at the crack tip. The most devel-lar coordinatess;j is a corresponding strain (e.g,,,
oped model is that due to Hutchinson-Rice-Rosengrergy, €,¢ ), J istheJ integral nis the strain hardening ex-
(HRR) [7-9]. The HRR model describes stress andponent|, is a dimensionless constaptis the distance

— )
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fromthe cracktip, and(©, n)isthed-variationwhich  loading corresponded to stress intensities factors of 15,
also depends on and plane stress/plane strain condi-20, 25, and 35 MP&/m; a new specimen was used at
tions and is given in tabular form by Shih [10]. each value of the stress intensity factor. Images were
The strains in polar coordinates can be converted inteaptured in each case 1 (or 2), 5, 10, 15, 30, 45, and
the Cartesian coordinates using the transformations: 60 min after loading. The images were processed and
the positions of reference points were measured accord-
Exx = £pp COL(B) + £ SIP(6) — 2SiNE) COSH)e g ingly to the procedure described in [1] with an accuracy
. . of £0.25 to+0.5um, depending on the contrast of the
Eyy = &,p SIMP(0) + £go COS(0) — 2 SINP) COSO)e g captured image.
yxy = (8pp — €06) SINE) cOSP) Strain valuesdxy, ey, andyyy) were calculated using
+ (cog(8) — sinZ(g))gpg (3) amodified version of the algorithm of Allaet al.[14]
as described by Kinaeat al.[1]. The error analysis [1]

The crack tip opening displacement CTOD is given [10]indicated that reliable strain could be obtained for dis-

by the HRR model as tances greater than;dm from the crack tip. The min-
imum measurable strain was 0.02. Thus, only plastic
J strains could be measured, as there was insufficient pre-
CTOD = (aeo)l/” D”a_ (4) cision for elastic strain determination.
0

The total effective straimes was calculated accord-

where D, is a dimensionless coefficient. The HRR ingly to the following equation [15]:

model neglects deformation-induced geometry changes 5
such as crack tip quntmg_. o get = = - /62 + e187 + €3 (5)
A number of the experimental determination of the 3

crack tip strain distribution [11-13] have been pre- o ) )

viously carried out in which the size of the plastic Whereei ande; are the principal strains, which were

zone was of the order of several mm. In these studcalculated fromeyy, £yy, andyxy using [16]:

ies, the crack tip strain fields have been in relatively

good agreement with the HRR model. However, there 1

have been no experimental examinations of the appli- 12 = 5(8“ +eyy+ \/((SXX — eyl + szy)) (6)

cability of the HRR model when the plastic zone size

is of the order of 5Qum. Plastic zones of this size are The total effective strain is a parameter representing the

present in high strength steels like 4340 and consedirectionless absolute magnitude of the strain tensor or,

quently, it is important to test the applicability of the in other words, a measure of the total deformation that

HRR model to this important category of engineeringoccurred at a particular point.

materials. The experimental strain maps presented in this paper
are compared with the predictions of the HRR model.
The strain hardening exponenfn = 1.9) and the mate-

2. Experimental rial constantr (o = 2450) were determined experimen-

The material used in this study was AISI 4340 hightally from tensile stress-strain curves obtained from the

strength steel. The chemical composition is given insame material (AISI 4340 steel) subjected to the same

Table I. The steel was austenitised at 8¢0for 3 h  heat treatment. The dimensionless constarnd the

followed by quenching into agitated oil. The grain size ¢-variations forejj (¢, n) for plane stress were taken

of the material was 3—m. After heat treatment the from Shih [10]. The length of the crack was in each

yield stress was 1670 MPa and hardness was in théase significantly larger than the size of the plastic zone,

range of 50-55 HRC. and thus, the small scale yielding criteria was satisfied.

A bolt-loaded DCB sample geometry as describedl hus it was possible to estimate the valugJoftegral

by [1] was used in all experiments. Fatigue pre-crackingVith the equation

was carried out at a frequency of 50 Hz with an ap-

plied stress intensity factor cycling between a slightly J— K_|2

positive value and a maximum value in the range of T E

<12 MPa,/m, so thatAK <7 MPa,/m. The sam-

ple was loaded inside the ESEM “Electroscan—E3"The experimental strain distributions were averaged

in high vacuum accordingly to the procedure describedVver the time sequence for every stress intensity fac-

previously [1]. The samples were held in high vacuumtor considered (15, 20, 25, and 35 MRan), except

(~107° torr) for 2 h before loading to minimise possi- for those presented in Section 3.4.

ble effects of residual water vapour in the ESEM. The

()

3. Results
TABLE | Chemical composition of the AISI 4340 steel (%) 3.1. Crack front prOﬁIe
After the strain measurements, the samples were heated
¢ Mn S s P N Cr Mo Cu V Al to 150°C in air to thermally mark the crack front
and broken open using the “Instron” hydraulic testing
machine. The crack front profiles, determined using

.09 86 .27 .005 .016 .70 45 .39 .21 .03
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Figure 1 Shape of the fatigue pre-crack profile as visible on the fracture surface after breaking the specimen open after the experiments for the
following values of stress intensity factét; (a) 35 MPa,/m; (b) 25 MPa,/m; (c) 20 MPa,/m; (d) 15 MPa,/m.

optical microscopy, are presented in Fig. 1. In this
figure, the “sample surface” corresponds to the surface ﬂ d
from which the strain fields were determined. As illus-
trated in Fig. 1, in all the experiments except the one ——
at an applied stress intensity factr of 35 MPa,/m a b
(Fig. 1a), the fatigue pre-crack in the sample interior

was longer than at the surface. This deviation from the

ideal straight crack front could introduce some devia-

tions from the theoretical predictions. However, for the

experiment at the highest applied stress intensity facto

of K, of 35 MPa,/m, the crack front profile was close

to the ideal shape, perpendicular to the observed sarr

ple surface. Thus most emphasis for the comparison o 10 pm

the experiments with the theory was placed on the ex: ———————
periments at an applied stress intensity factoK pfof ¢

35 MPa,/m, where the crack front profile was close to
ideal.

10 um

10 pm

D-|

3.2. Crack tip shape

The shape of the crack tip is shown in Fig. 2 for each
of the four experimental loading conditions. There was :
significant crack tip branching in all cases. The direc- e

tion of the crack tp branChmg made an angle of abouyzigure 2 Cross-sectional shape of the crack tip for the following values

60° with the direction of crack propagation. The exper- of the stress intensity factd, (a) 15 MPa./m; (b) 20 MPa./m;
imental apparatus did not permit imaging of the sampléc) 25 MPay/m; (d) 35 MPa/m. In each case the scale bar is equal

during loading, and hence no information was availablego 10m; (e) definition of the crack tip opening displacement in HRR
concerning the kinetics of crack tip branching. It was™°de!
not possible to determine whether the crack tip started
to branch during the loading or as a result of creep oc- Alternatively, crack tip branching might occur due to
curring within the first minute after the loading. The creep occurring within the first minute after loading. In
mechanism of crack tip branching is unclear. this case the plastic deformations leading to the crack
One possibility is that the crack extended during load-ip branching would be expected to occur in the direc-
ing in both directions of the maximumy,, stressfyy,  tions of maximumneyy strain. The microstructural char-
strain, followed by preferential growth in one of these acteristics of a material in a vicinity of a crack tip are
two directions. The preference of one of these directionsiot necessarily symmetric. Therefore, creep and crack
could be aresult of slight deviations from symmetry for extension could developed preferentially in one of the
the loading and/or microstructural variations. two possible directions.
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10 for each time series, and such average strain maps are
9 r —— HRR theory used throughout the rest of this paper. The average strain
8 « Experiment of the each time series at each data point was calculated
7 using:e = % Zi“:lsi, whereg; was the strain for the
5 6 i th measurement amd= 7 was the number of the strain
= st distributions measured at the different times. The max-
g 4 imum standard deviation of the strain values through
© | the time series was slightly smaller than the estimated
3 . X N .
error of the strain calculations, which is additional con-
2 . . . .
| firmation of the correctness of the error estimation by
! Kinaevet al.[1].
0
0 10 20 30 40 50

Stress Intensity Factor Ki(MPav m) 35. e strain field
«9. Exx

Figure 3 Comparison of the experimental values of CTOD with the ones T he values okyx were small over the whole observed

predicted by HRR model. area for all of the experiments as shown by the thin
lines in Fig. 5a. In most casegy did not exceed 0.04.
These small values were just above the measurement

The asymmetry of the crack tip could be the resultthreshold. The HRR model also predicts small values

of even a slight asymmetry in the stress distribution.of ¢4y as shown by the thick lines in Fig. 5a. Thus it can

Alternatively the major factor responsible for the crackbe concluded that there were no statistically significant

tip asymmetry could be the non symmetrical plasticdiscrepancies with the HRR model.

response of the material in the vicinity of the crack tip

to a symmetrical stress distribution.

3.6. ¢, strain field
] ) ) The experimentasyy strain map for an applied stress
3.3. Crack tip opening displacement intensity factor ofK, of 35 MPa./m is presented in
The crack tip opening displacement (CTOD) was eval-ig. 5pb. The experimental results, which are shown as
uated from the definition of CTOD as given in the HRR thin lines are compared with theoretical predictions,
model as illustrated in Flg 2e. Theresults are presenteghown as thick lines. This strain maps can be charac-
in Fig. 3, where the experimental values are comparegerised as having “ridges” with high strain values ex-
with the theoretical values of CTOD calculated USingtending in directions making ang|es of 6With the
Equation 4. The experimental values of CTOD weregyerall direction of crack propagation. These strain
higher than the HRR predictions although the generalidges corresponded in direction to the direction of
trend was consistent with the theoretical predictionscrack branching.
Some of the higher value of the experimental results The measured isostrain contour corresponding to the
compared with the HRR model might be related to theyajue of 0.06 showed reasonable agreement between
additional plastiC deformation at the crack t|p due tOexperiment and HRR prediction in the region ahead
the crack branching. of the crack. However, there were significant differ-
ences between the experimental results and the HRR
model. For example, in the upper half of the experimen-
3.4. Time dependence of strain tal strain map there were areas with strain values up to
Examples of the time variation of thgy strain distri-  0.18. These areas were roughly circular aboujh®
bution for experiments with an applied stress intensityin diameter with centres located at the following coor-
factor of 35 MPa,/m are presented in Fig. 4. This fig- dinates: (1x = 12.5 um, y = 20 um with strain values
ure shows that over most of the strain field there wasip to 0.18; (2)x =11 um, y=11 um, strain values
no statistically significant change of the strain distribu-more then 0.12; and (=20 um, y =14 um, strain
tion with time. Similarly, at each of the other applied values more then 0.12. These areas showed more plas-
stress intensity factors, there was little statistically sig-ticity than predicted by HRR model. The difference be-
nificant change irzyy with time over the period from tween the experimental values and the HRR prediction
1 to 60 min. This absence of creep could have three exat these areas was up to 0.08. This difference is higher
planations: (1) creep did not occur at all; (2) the changeshan the accuracy of measuremems & +0.02) and,
due to creep were smaller than the measurement acchence, statistically meaningful. Furthermore, before
racy (£0.02); or (3) creep occurred so fastthat the majothese plasticity islands and in the same direction there
changes happened within the first minute after loadingwas an area located at=12 um, y=10 um where
The second possibility must be considered probable athe strain was as low as 0.04. There was a similar area
the prior measurements by Oehlert and Atrens [6] in-of extra plasticity in the lower half of the strain map
dicated small values (less than 0.001) for the primarylocated at (17.5um, —17.5 um). Another difference
creep strain at room temperature for smooth specimensetween the experiment and the HRR model was in
at stresses below the yield stress. the position and shape of the area in the vicinity of the
The absence of statistically meaningful creep indi-crack tip with strains of 0.12 and 0.18. Fig. 5b shows
cated that it was valid to calculate average strain mapthat these areas were displaced approximateiynd
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Figure 4 eyy strain distributions of at the crack tip at different time intervals after application an applied stress intensitiKfaof®5 MPa./m:
(a) 2 min after loading; (b) 30 min after loading; (c) 60 min after loading; (d) average over all 5 measurements at this Kalughafding shows
cross-sectional crack shape.

towards the lower part of the strain map. Their shapehe features of they strain field was consistent with

also differed from that expected for the HRR model. HRR predictions. (2) In the most cases, thg strain

The HRR model predicts the shape of each isostraifield was asymmetric. (3) The shapes of the high

contour to be double lobed. In contrast the experimenstrain contours were in most cases more elongated than

tal isostrain contour foryy 0f 0.18 formed an elongated predicted by the HRR model. (4) There were islands

and relatively sharp ended area, with a center displacedith high values oty at distances of 20-25m from

approximately 5um in the negativeY -direction. Sim-  the crack tip.

ilarly, the isostrain contour foeyy, of 0.12 could be

considered as corresponding to only the lower lobe of

the HRR model (Fig. 5a) whose center was displace®.7. yy, strain field

a distance of um in the negativer-direction and ap-  Fig. 5¢ shows that shear straips, were significantly

proximately 2um in the positiveX-direction. For the higher than predicted by the HRR model. The shear

experiments carried out at the other stress intensity facstrain distributions were not consistent with the HRR

tors, the strain in the vicinity of the crack tip was also predictions and were different from experiment to ex-

distributed asymmetrically. periment. For example, for the stress intensity factor
Thus, the following conclusions could be drawn from of 35 MPa./m (Fig. 5c) the shear strain formed a

the comparison of the experimentally measuegg  large peak in the bottom of the strain map near the

strain maps with the HRR predictions. (1) The scale ofcrack tip area where the absolute values of the shear
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Figure 5 Measured crack tip strain distribution (thin lines) compared with predictions from HRR model (thick lines) for the applied stress intensity
factorK, of 35 MPa/m: (@) exx; (b) yy; (C) yxy; (d) 15¢es.

strain was higher than 0.18, whereas the HRR modehe measurements gave areas correspondirag; tof
predicts for this area magnitudesjaf, not exceeding 0.06 which were much further from the crack tip than
0.06. For the stress intensity factor of 20 MPan the  the theoretical contours. Fig. 5d shows that the isostrain
Yxy shear strain distribution had a maximum exceed-contour forees of 0.06 formed a double lobed shape
ing 0.18 in absolute value in an oval area in the crackwvhich is different from the HRR predictions. Further-
tip region and the isostrain contour fgf, shear strain more, the areas correspondingetg of 0.12 and 0.18
of 0.12 formed a pattern elongated in the crack direcwere larger than those predicted by the HRR model.
tion. In contrast the HRR model predicts a considerablyThese areas also were displaced towards the bottom of
smaller shear deformation in this area. Thus, fhg the strain map.
shear strain distribution was not consistent with HRR The total effective strain (in the crack growth di-
predictions. rection) and the distance from the crack was nor-
malised using the same procedure of McClung and
Davidson [15]. The strain was normalised by the yield
3.8. Total effective strain s straineg = 0p/ E. The distance from the crack tip was
Fig. 5d presents the comparison with the HRR model ohormalised by the paramete( /o). The normalised
the effective strain for the case of applied stress inteneffective strain is presented in Fig. 6. The total effec-
sity factorK, of 35 MPa,/m. The isostrain contours tive strain for the experiments at a stress intensity factor
for g¢¢ 0f 0.04 and 0.06 were in a reasonable agreemerdf 35 MPa,/m was in good agreement with the HRR
with the HRR predictions for the area directly ahead ofmodel in the area of reliable experimental data (at a
the crack tip, but not for regions sideways ahead of thehyisical distance greater thenun from the crack tip
crack. In the bottom and upper parts of the strain mapor a normalised distance greater than 0.009).
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being studied or at the scale of this study. An alterna-

40§ tive description of the strain field at the crack tip was
F recently proposed by Fleck and Hutchinson [17] based

35 ¢ — HRR theory on strain gradient plasticity (SGP).

30 & o Kl=35MPayn | The asymmetric shape of the plastic zone could be

attributed to a slightasymmetry in the loading geometry
and/or local inhomogenities of the material. Indeed,
even a small asymmetry in loading conditions might
result in a preferential strain distribution.

A reason for such a disagreement with the theoret-
ical prediction of the total effective strain might arise
because the HRR model considers the material as ho-
mogeneous and isotropic. In our experiments the strain
. : | measurements were evaluated with a grid spacing of
0.001 0.010 0.100 1000 3—6um. This scale is comparable with the grain size of

Normalised distance ahead of the crack tip, p/(K/G o) 2 the 4340. Therefore, the material could not be consid-
ered as homogeneous and isotropic. It means, that the
Figure 6 Distribution of the total effective strair in the direction of ~ shear strain might vary from grain to grain, depending
crack propagation. on the crystallographic orientation of the grain.

Normalised total effective strain, €ef/(Go/E)

4. Discussion

4.1. Crack front profile . . . .

The measured crack front profile for the case of astresé'd" Compa_mson with strain gradient

intensity factor of 35 MPa/m was close to an ideal plastl_C|ty thec_)ry .

crack front perpendicular to the external surface. Thué/'.\n alternative description of the strain field at_the crack

the measurements for this case should be close to tH# Was recentl_y prop(_)sed by F!e_ckand Hutchlnson [17.]

ideal case. In contrast, for the other values of stres ased on strain gradient plasticity (SGP.)' Straln gradi-

intensity factor, the crack front was not perpendicularent plasfucny assumes that the stress Is '”Creﬁsed by

to the external surface, and consequently this non-idegthe gradient of the strain. Strz_:un gradients can arise d_ue

crack front may cause complications in the measured® the geometry C.’f Fhe loading pr/and due to plastl_c

strain distributions. Consequently, in the evaluation Ofnhomogenltles V‘."th."? the mat_erlal (g.g. harder parti-

the results, most weight has been placed on the resul&les)' Thereare 5|gn_|f|cant strain gradients qtacracktlp

for 35 MPa./m. and co'nsequgntly itis u.sgfu.l to evaluate'the importance
of strain gradient plasticity in our experiments. Strain
gradient effects are expected to have a significant in-

4.2. Crack branching order of magnitude a5 & charactostc materal lehgth
Significant crack branching was observed. The Cra“:Iﬁowever cgrrentl there is no theoretical way to e%/al-
branches made an angle of about &dth the direc- ’ Y y

tion of overall propagation of the fatigue precrack. Theuate th's parameter from the first pr|n0|p_les. Fleck and
direction of crack branching was in the same direc'[ionHu'[,[dlmsSon [f17] showed thatwﬁ va:aelotfs @ppm)g? ¢
as the major ‘ridges” oy sirain, which inumwere e Rori e B lowing equation describes
in the same directions as predicted by the HRR model,?he strai); field for thé mode | Ioac?in q[18 19];
Furthermore, the measured magnitudes ot{hstrain glie, 2ok

in this same direction were in general greater than the nil N
values predicted by the HRR model. It is expected that [Spp = —899] _ o <~/_:—3) (n + 1)

these phenomena are related. €00 —em 2 n

B(" = B [ —cos2p
4.3. Comparison with HRR “\ 52 oo | sin2g ©)
The following discrepancies between the measured 0 n+l

strain fields for AISI 4340 and the HRR predictions © . .

are noteworthy. (1) The crack branching. (2) ValueswhereB;™ is the parameter representing the amplitude

of CTOD significantly higher than predicted by HRR. Of the stress, similar to the stress intensity factor. This

(3) The major “ridge” ok, strain an angle of about 60  parameter is related to the stress intensity faétor

with the direction of overall propagation of the fatigue by [19]:

precrack, in which the measured magnitudes ottfje

strain in were greater than the values predicted by the \/ o
B +

. . ALY K 1

HRR model. (4) Asymmetric shape of the plastic zone ' =

as measured by thg, strain. (5) Islands of extrayy 21=v)@-2) 2z V3-2

strain. (6) Values of shear strajigy significantly higher

than predicted by the HRR model. where Bl(o) and Afo) are the stress and couple stress
These discrepancies might have arisen because tlanplitudesy is the Poisson’s ratio arids the intrinsic

HRR model might not be appropriate for the materialmaterial length.

©)
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30

sults were achieved fdB(” =8.88, A”/I =0.3. The
25E ; measured and calculated strain fields £gy and to-
u tal effective strainses are presented in Figs 7 and 8.
20 HE 2N 1 The HRR model provides significantly better agree-
15 N ] ment than SPG in both the plastic zone shape and size.
0 ] This provides an experimental basis for the conclusion
g /| that the intrinsic length for 4340 is smaller than about
:} 5 E% 5 um. Thus the SGP model is not applicable for the
o L P I 998 description of the strain distribution for 4340.
= L o.06
-5 . g
10 - S *% 5. Conclusions
NN —0.00 e The strain maps in the crack tip area has been mea-
- =15 RIPET i ] sured for AISI 4340 high strength steel.
oo LIS o No significant creep was observed.
0 5 10 15 20 25 30 35 40

The measured values of CTOD were greater than
X, pm expected from the HRR model.

e Crack tip branching was observed in every experi-
ment. The direction of crack branching was in the

same direction as a major “ridge” af, strain,

Figure 7 Measured crack tipyy strain distribution (filled map) com-
pared with the theoretical predictions (thick lines) for the SGP model.

30 . which in turn was in the same direction as pre-
\ dicted by the HRR model. Furthermore, the mea-
= : 3 sured magnitudes of thg,y strain in this same
20 £ . ] direction were in general greater than the values
= Saaas! predicted by the HRR model. This indicates more
15 axx 1 plasticity in the crack tip region than expected from
g 10 A ¢ 1 the HRR model. This greater plasticity could be re-
SO EN © lated to the larger than expected CTOD values.
- ] 0.08 o Thefollowing discrepancies between the measured
0 : = I 006 strain fields for AISI 4340 and the HRR predictions
5 % H are noteworthy. (1) The crack branching. (2) Val-
—0.04 ues of CTOD significantly higher than predicted by
- 10 B3 1 Lo 00 HRR. (3) The major “ridge” okyy strain an angle
15 I N ] of about 60 with the direction of overall propaga-
H ]% tion of the fatigue precrack, in which the measured
— R0 e magnitudes of they, strain in were greater than the
« values predicted by the HRR model. (4) Asymmet-
. km . .
ric shape of the plastic zone as measured by he
Figure 8 Measured crack tip total effective straig distribution (filled strain. (5) Islands of extra,y strain. (6) Values of
map) compared with the theoretical predictions (thick lines) for the SGP shear strainzxy significantly higher than predicted
model. by the HRR model.

Because techniques for the theoretical evaluatron of
material intrinsic parametdarthe stress amplltudl
and couple amplitudé, © from the stress intensity fac-
tor have notbeen reported inthe literature, these para
eters were determined by linear least squares fitting o
the SGP model and the experimental results. Equation 9
indicates that it is not possible to separate the COUplﬁeferences
amplltudeA and the material intrinsic parameter
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