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The crack tip strain field of AISI 4340

Part II 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 εyy strain, which in turn was in
the same direction as predicted by the HRR model. Furthermore, the measured magnitudes
of the εyy 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 AISI 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 εyy strain an angle of about 60◦ with the
direction of overall propagation of the fatigue precrack, in which the measured magnitudes
of the εyy strain were greater than the values predicted by the HRR model. (4) Asymmetric
shape of the plastic zone as measured by the εyy strain. (5) Values of shear strain γxy
significantly higher than predicted by the HRR model. C© 1999 Kluwer Academic Publishers

1. Introduction
This paper is the second of a series of papers describing
a study which has measured the crack tip strain field for
AISI 4340 high strength steel. Kinaevet al.[1] in Part I
described the measurement technique. This present pa-
per presents the crack tip strain measurements using
specimens loaded in high vacuum and therefore repre-
sents measurement of the intrinsic strain field with no
environmental influence. Kinaevet al.[2] in Part III de-
scribe the experimental results obtained in the presence
of pure hydrogen and water vapour. This present study
builds on our prior work [3–6] which has shown that
stress rate effects can be an important part of the SCC
mechanism for high strength steels undergoing SCC
in water. In particular, Oehlert and Atrens [6] showed
that high strength steels like 4340 do undergo a signifi-
cant amount of primary creep at room temperature. The
present study was undertaken to measure creep effects
at the crack tip in order to relate crack tip plasticity to
stress corrosion cracking. As part of this overall aim,
the crack tip strain field has been measured and is com-
pared with theoretical expectations.

There are several theoretical models which describe
the strain distribution at the crack tip. The most devel-
oped model is that due to Hutchinson-Rice-Rosengren
(HRR) [7–9]. The HRR model describes stress and
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strain fields at the crack tip for a strain hardening mate-
rial that is isotropic and homogeneous. In the crack-tip
region, the elastic strains are small compared to the
plastic strains and can be neglected. Therefore, only
the plastic stresses and strains are considered. The ma-
terial is assumed to satisfy a power law relation between
stress and strain of the type:

ε

ε0
= α

(
σ

σ0

)n

(1)

whereε andσ are the uniaxial plastic strain and stress,
σ0 is the yield stress,ε0= σ0/E is the yield strain,E is
Young’s modulus,α is a material constant andn is the
strain hardening exponent.

In polar coordinates (angleθ and radial distance from
the crack tipρ) the asymptotic crack tip strain is [7–9]

εi j = α
[

J

ασ0ε0Inρ

] n
n+1

ε̃i j (θ,n) (2)

wherei , j correspond to the radiusρ and angleθ in po-
lar coordinates,εi j is a corresponding strain (e.g.ερρ ,
εθθ ,ερθ ), J is theJ integral,n is the strain hardening ex-
ponent,In is a dimensionless constant,ρ is the distance
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from the crack tip, and ˜εi j (2,n) is theθ -variation which
also depends onn and plane stress/plane strain condi-
tions and is given in tabular form by Shih [10].

The strains in polar coordinates can be converted into
the Cartesian coordinates using the transformations:
εxx = ερρ cos2(θ )+ εθθ sin2(θ )− 2 sin(θ ) cos(θ )ερθ
εyy = ερρ sin2(θ )+ εθθ cos2(θ )− 2 sin(θ ) cos(θ )ερθ
γxy = (ερρ − εθθ ) sin(θ ) cos(θ )

+ (cos2(θ )− sin2(θ ))ερθ (3)

The crack tip opening displacement CTOD is given [10]
by the HRR model as

CTOD= (αε0)1/nDn
J

σ0
(4)

where Dn is a dimensionless coefficient. The HRR
model neglects deformation-induced geometry changes
such as crack tip blunting.

A number of the experimental determination of the
crack tip strain distribution [11–13] have been pre-
viously carried out in which the size of the plastic
zone was of the order of several mm. In these stud-
ies, the crack tip strain fields have been in relatively
good agreement with the HRR model. However, there
have been no experimental examinations of the appli-
cability of the HRR model when the plastic zone size
is of the order of 50µm. Plastic zones of this size are
present in high strength steels like 4340 and conse-
quently, it is important to test the applicability of the
HRR model to this important category of engineering
materials.

2. Experimental
The material used in this study was AISI 4340 high
strength steel. The chemical composition is given in
Table I. The steel was austenitised at 870◦C for 3 h
followed by quenching into agitated oil. The grain size
of the material was 3–5µm. After heat treatment the
yield stress was 1670 MPa and hardness was in the
range of 50–55 HRC.

A bolt-loaded DCB sample geometry as described
by [1] was used in all experiments. Fatigue pre-cracking
was carried out at a frequency of 50 Hz with an ap-
plied stress intensity factor cycling between a slightly
positive value and a maximum value in the range of
≤12 MPa

√
m, so that1K ≤7 MPa

√
m. The sam-

ple was loaded inside the ESEM “Electroscan—E3”
in high vacuum accordingly to the procedure described
previously [1]. The samples were held in high vacuum
(∼10−5 torr) for 2 h before loading to minimise possi-
ble effects of residual water vapour in the ESEM. The

TABLE I Chemical composition of the AISI 4340 steel (%)

C Mn Si S P Ni Cr Mo Cu V Al

.09 .86 .27 .005 .016 .70 .45 .39 .21 .03 .061

loading corresponded to stress intensities factors of 15,
20, 25, and 35 MPa

√
m; a new specimen was used at

each value of the stress intensity factor. Images were
captured in each case 1 (or 2), 5, 10, 15, 30, 45, and
60 min after loading. The images were processed and
the positions of reference points were measured accord-
ingly to the procedure described in [1] with an accuracy
of±0.25 to±0.5µm, depending on the contrast of the
captured image.

Strain values (εxx,εyy, andγxy) were calculated using
a modified version of the algorithm of Allaiset al.[14]
as described by Kinaevet al.[1]. The error analysis [1]
indicated that reliable strain could be obtained for dis-
tances greater than 4µm from the crack tip. The min-
imum measurable strain was 0.02. Thus, only plastic
strains could be measured, as there was insufficient pre-
cision for elastic strain determination.

The total effective strainεef was calculated accord-
ingly to the following equation [15]:

εef = 2

3
·
√
ε2

1 + ε1ε2+ ε2
2 (5)

whereε1 andε2 are the principal strains, which were
calculated fromεxx, εyy, andγxy using [16]:

ε1,2 = 1

2

(
εxx + εyy±

√(
(εxx − εyy)2+ γ 2

xy

))
(6)

The total effective strain is a parameter representing the
directionless absolute magnitude of the strain tensor or,
in other words, a measure of the total deformation that
occurred at a particular point.

The experimental strain maps presented in this paper
are compared with the predictions of the HRR model.
The strain hardening exponentn (n=1.9) and the mate-
rial constantα (α=2450) were determined experimen-
tally from tensile stress-strain curves obtained from the
same material (AISI 4340 steel) subjected to the same
heat treatment. The dimensionless constantIn and the
θ -variations for ˜εi j (θ,n) for plane stress were taken
from Shih [10]. The length of the crack was in each
case significantly larger than the size of the plastic zone,
and thus, the small scale yielding criteria was satisfied.
Thus it was possible to estimate the value ofJ integral
with the equation

J = K 2
I

E
(7)

The experimental strain distributions were averaged
over the time sequence for every stress intensity fac-
tor considered (15, 20, 25, and 35 MPa

√
m), except

for those presented in Section 3.4.

3. Results
3.1. Crack front profile
After the strain measurements, the samples were heated
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
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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 factorKI (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
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 factorKI of 35 MPa

√
m

(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 factor
of KI of 35 MPa

√
m, the crack front profile was close

to the ideal shape, perpendicular to the observed sam-
ple surface. Thus most emphasis for the comparison of
the experiments with the theory was placed on the ex-
periments at an applied stress intensity factor ofKI of
35 MPa

√
m, where the crack front profile was close to

ideal.

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-
tion of the crack tip branching made an angle of about
60◦ with the direction of crack propagation. The exper-
imental apparatus did not permit imaging of the sample
during loading, and hence no information was available
concerning the kinetics of crack tip branching. It was
not possible to determine whether the crack tip started
to branch during the loading or as a result of creep oc-
curring within the first minute after the loading. The
mechanism of crack tip branching is unclear.

One possibility is that the crack extended during load-
ing in both directions of the maximumσyy stress/εyy

strain, followed by preferential growth in one of these
two directions. The preference of one of these directions
could be a result of slight deviations from symmetry for
the loading and/or microstructural variations.

Figure 2 Cross-sectional shape of the crack tip for the following values
of the stress intensity factorKI (a) 15 MPa

√
m; (b) 20 MPa

√
m;

(c) 25 MPa
√

m; (d) 35 MPa
√

m. In each case the scale bar is equal
to 10µm; (e) definition of the crack tip opening displacement in HRR
model.

Alternatively, crack tip branching might occur due to
creep occurring within the first minute after loading. In
this case the plastic deformations leading to the crack
tip branching would be expected to occur in the direc-
tions of maximumεyy strain. The microstructural char-
acteristics of a material in a vicinity of a crack tip are
not necessarily symmetric. Therefore, creep and crack
extension could developed preferentially in one of the
two possible directions.
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Figure 3 Comparison of the experimental values of CTOD with the ones
predicted by HRR model.

The asymmetry of the crack tip could be the result
of even a slight asymmetry in the stress distribution.
Alternatively the major factor responsible for the crack
tip asymmetry could be the non symmetrical plastic
response of the material in the vicinity of the crack tip
to a symmetrical stress distribution.

3.3. Crack tip opening displacement
The crack tip opening displacement (CTOD) was eval-
uated from the definition of CTOD as given in the HRR
model as illustrated in Fig. 2e. The results are presented
in Fig. 3, where the experimental values are compared
with the theoretical values of CTOD calculated using
Equation 4. The experimental values of CTOD were
higher than the HRR predictions although the general
trend was consistent with the theoretical predictions.
Some of the higher value of the experimental results
compared with the HRR model might be related to the
additional plastic deformation at the crack tip due to
the crack branching.

3.4. Time dependence of strain
Examples of the time variation of theεyy strain distri-
bution for experiments with an applied stress intensity
factor of 35 MPa

√
m are presented in Fig. 4. This fig-

ure shows that over most of the strain field there was
no statistically significant change of the strain distribu-
tion with time. Similarly, at each of the other applied
stress intensity factors, there was little statistically sig-
nificant change inεyy with time over the period from
1 to 60 min. This absence of creep could have three ex-
planations: (1) creep did not occur at all; (2) the changes
due to creep were smaller than the measurement accu-
racy (±0.02); or (3) creep occurred so fast that the major
changes happened within the first minute after loading.
The second possibility must be considered probable as
the prior measurements by Oehlert and Atrens [6] in-
dicated small values (less than 0.001) for the primary
creep strain at room temperature for smooth specimens
at stresses below the yield stress.

The absence of statistically meaningful creep indi-
cated that it was valid to calculate average strain maps

for each time series, and such average strain maps are
used throughout the rest of this paper. The average strain
of the each time series at each data point was calculated
using: ε̄= 1

n

∑n
i =1 εi , whereεi was the strain for the

i th measurement andn=7 was the number of the strain
distributions measured at the different times. The max-
imum standard deviation of the strain values through
the time series was slightly smaller than the estimated
error of the strain calculations, which is additional con-
firmation of the correctness of the error estimation by
Kinaevet al. [1].

3.5. εxx strain field
The values ofεxx were small over the whole observed
area for all of the experiments as shown by the thin
lines in Fig. 5a. In most casesεxx did not exceed 0.04.
These small values were just above the measurement
threshold. The HRR model also predicts small values
of εxx as shown by the thick lines in Fig. 5a. Thus it can
be concluded that there were no statistically significant
discrepancies with the HRR model.

3.6. εyy strain field
The experimentalεyy strain map for an applied stress
intensity factor ofKI of 35 MPa

√
m is presented in

Fig. 5b. The experimental results, which are shown as
thin lines are compared with theoretical predictions,
shown as thick lines. This strain maps can be charac-
terised as having “ridges” with high strain values ex-
tending in directions making angles of 60◦ with the
overall direction of crack propagation. These strain
ridges corresponded in direction to the direction of
crack branching.

The measured isostrain contour corresponding to the
value of 0.06 showed reasonable agreement between
experiment and HRR prediction in the region ahead
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-
tal strain map there were areas with strain values up to
0.18. These areas were roughly circular about 10µm
in diameter with centres located at the following coor-
dinates: (1)x=12.5µm, y=20µm with strain values
up to 0.18; (2)x=11 µm, y=11 µm, strain values
more then 0.12; and (3)x=20µm, y=14µm, strain
values more then 0.12. These areas showed more plas-
ticity than predicted by HRR model. The difference be-
tween the experimental values and the HRR prediction
at these areas was up to 0.08. This difference is higher
than the accuracy of measurements (1ε=±0.02) and,
hence, statistically meaningful. Furthermore, before
these plasticity islands and in the same direction there
was an area located atx=12 µm, y=10 µm where
the strain was as low as 0.04. There was a similar area
of extra plasticity in the lower half of the strain map
located at (17.5µm, −17.5µm). Another difference
between the experiment and the HRR model was in
the position and shape of the area in the vicinity of the
crack tip with strains of 0.12 and 0.18. Fig. 5b shows
that these areas were displaced approximately 5µm
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Figure 4 εyy strain distributions of at the crack tip at different time intervals after application an applied stress intensity factorKI of 35 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 value ofKI . Shading shows
cross-sectional crack shape.

towards the lower part of the strain map. Their shape
also differed from that expected for the HRR model.
The HRR model predicts the shape of each isostrain
contour to be double lobed. In contrast the experimen-
tal isostrain contour forεyy of 0.18 formed an elongated
and relatively sharp ended area, with a center displaced
approximately 5µm in the negativeY-direction. Sim-
ilarly, the isostrain contour forεyy of 0.12 could be
considered as corresponding to only the lower lobe of
the HRR model (Fig. 5a) whose center was displaced
a distance of 5µm in the negativeY-direction and ap-
proximately 2µm in the positiveX-direction. For the
experiments carried out at the other stress intensity fac-
tors, the strain in the vicinity of the crack tip was also
distributed asymmetrically.

Thus, the following conclusions could be drawn from
the comparison of the experimentally measuredεyy

strain maps with the HRR predictions. (1) The scale of

the features of theεyy strain field was consistent with
HRR predictions. (2) In the most cases, theεyy strain
field was asymmetric. (3) The shapes of the highεyy

strain contours were in most cases more elongated than
predicted by the HRR model. (4) There were islands
with high values ofεyy at distances of 20–25µm from
the crack tip.

3.7. γxy strain field
Fig. 5c shows that shear strainsγxy were significantly
higher than predicted by the HRR model. The shear
strain distributions were not consistent with the HRR
predictions and were different from experiment to ex-
periment. For example, for the stress intensity factor
of 35 MPa

√
m (Fig. 5c) the shear strain formed a

large peak in the bottom of the strain map near the
crack 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
factor KI of 35 MPa

√
m: (a)εxx; (b) εyy; (c) γxy; (d) 15εef.

strain was higher than 0.18, whereas the HRR model
predicts for this area magnitudes ofγxy not exceeding
0.06. For the stress intensity factor of 20 MPa

√
m the

γxy shear strain distribution had a maximum exceed-
ing 0.18 in absolute value in an oval area in the crack
tip region and the isostrain contour forγxy shear strain
of 0.12 formed a pattern elongated in the crack direc-
tion. In contrast the HRR model predicts a considerably
smaller shear deformation in this area. Thus, theγxy

shear strain distribution was not consistent with HRR
predictions.

3.8. Total effective strain εef
Fig. 5d presents the comparison with the HRR model of
the effective strain for the case of applied stress inten-
sity factor KI of 35 MPa

√
m. The isostrain contours

for εef of 0.04 and 0.06 were in a reasonable agreement
with the HRR predictions for the area directly ahead of
the crack tip, but not for regions sideways ahead of the
crack. In the bottom and upper parts of the strain map,

the measurements gave areas corresponding toεef of
0.06 which were much further from the crack tip than
the theoretical contours. Fig. 5d shows that the isostrain
contour forεef of 0.06 formed a double lobed shape
which is different from the HRR predictions. Further-
more, the areas corresponding toεef of 0.12 and 0.18
were larger than those predicted by the HRR model.
These areas also were displaced towards the bottom of
the strain map.

The total effective strain (in the crack growth di-
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
strainε0= σ0/E. The distance from the crack tip was
normalised by the parameter (KI /σ0)2. The normalised
effective strain is presented in Fig. 6. The total effec-
tive strain for the experiments at a stress intensity factor
of 35 MPa

√
m was in good agreement with the HRR

model in the area of reliable experimental data (at a
phyisical distance greater then 4µm from the crack tip
or a normalised distance greater than 0.009).
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Figure 6 Distribution of the total effective strainεef in the direction of
crack propagation.

4. Discussion
4.1. Crack front profile
The measured crack front profile for the case of a stress
intensity factor of 35 MPa

√
m was close to an ideal

crack front perpendicular to the external surface. Thus
the measurements for this case should be close to the
ideal case. In contrast, for the other values of stress
intensity factor, the crack front was not perpendicular
to the external surface, and consequently this non-ideal
crack front may cause complications in the measured
strain distributions. Consequently, in the evaluation of
the results, most weight has been placed on the results
for 35 MPa

√
m.

4.2. Crack branching
Significant crack branching was observed. The crack
branches made an angle of about 60◦ with the direc-
tion of overall propagation of the fatigue precrack. The
direction of crack branching was in the same direction
as the major “ridges” ofεyy strain, which in turn were
in the same directions as predicted by the HRR model.
Furthermore, the measured magnitudes of theεyy strain
in this same direction were in general greater than the
values predicted by the HRR model. It is expected that
these phenomena are related.

4.3. Comparison with HRR
The following discrepancies between the measured
strain fields for AISI 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” ofεyy strain an angle of about 60◦
with the direction of overall propagation of the fatigue
precrack, in which the measured magnitudes of theεyy

strain in were greater than the values predicted by the
HRR model. (4) Asymmetric shape of the plastic zone
as measured by theεyy strain. (5) Islands of extraεyy

strain. (6) Values of shear strainγxy significantly higher
than predicted by the HRR model.

These discrepancies might have arisen because the
HRR model might not be appropriate for the material

being studied or at the scale of this study. An alterna-
tive description of the strain field at the crack tip was
recently proposed by Fleck and Hutchinson [17] based
on strain gradient plasticity (SGP).

The asymmetric shape of the plastic zone could be
attributed to a slight asymmetry 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
3–6µm. This scale is comparable with the grain size of
the 4340. Therefore, the material could not be consid-
ered as homogeneous and isotropic. It means, that the
shear strain might vary from grain to grain, depending
on the crystallographic orientation of the grain.

4.4. Comparison with strain gradient
plasticity theory

An alternative description of the strain field at the crack
tip was recently proposed by Fleck and Hutchinson [17]
based on strain gradient plasticity (SGP). Strain gradi-
ent plasticity assumes that the stress is increased by
the gradient of the strain. Strain gradients can arise due
to the geometry of the loading or/and due to plastic
inhomogenities within the material (e.g. harder parti-
cles). There are significant strain gradients at a crack tip
and consequently it is useful to evaluate the importance
of strain gradient plasticity in our experiments. Strain
gradient effects are expected to have a significant in-
fluence at a distance from the crack tip of the same
order of magnitude as a characteristic material lengthl .
However, currently, there is no theoretical way to eval-
uate this parameter from the first principles. Fleck and
Hutchinson [17] showed that the value ofl is approxi-
mately 5µm for pure copper. When the strain gradient
plasticity dominates, the following equation describes
the strain field for the mode I loading [18, 19]:

[
ερρ = −εθθ

ερθ

]
= ρ− n

n+1

(√
3

2

)n+1(n+ 1

n

)n

×
(

B(o)2

I

σ 2
0

) n−1
2 B(o)

I

σ0

[
−cosn+2

n+1θ

sin n+2
n+1θ

]
(8)

whereB(o)
I is the parameter representing the amplitude

of the stress, similar to the stress intensity factor. This
parameter is related to the stress intensity factorKI

by [19]:√
B(o)2

I +
A(o)2

I

2(1− ν)(3− 2ν)l
= KI√

2π

1√
3− 2ν

(9)

where B(o)
I and A(o)

I are the stress and couple stress
amplitudes,ν is the Poisson’s ratio andl is the intrinsic
material length.
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Figure 7 Measured crack tipεyy strain distribution (filled map) com-
pared with the theoretical predictions (thick lines) for the SGP model.

Figure 8 Measured crack tip total effective strainεef distribution (filled
map) compared with the theoretical predictions (thick lines) for the SGP
model.

Because techniques for the theoretical evaluation of
material intrinsic parameterl , the stress amplitudeB(o)

I
and couple amplitudeA(o)

I from the stress intensity fac-
tor have not been reported in the literature, these param-
eters were determined by linear least squares fitting of
the SGP model and the experimental results. Equation 9
indicates that it is not possible to separate the couple
amplitudeA(o)

I and the material intrinsic parameterl ,
so their ratioA(o)

I / l was evaluated. For everyi th data
point the differenceδ between the measured and calcu-
lated values ofεyy was determined using

δi =
(
εi,exp

yy − εi,calc
yy

)2
, (10)

whereεi,exp
yy is the measured value ofεyy for thei th data

point andεi,calc
yy (B(o)

I , A(o)
I / l ) is the calculated value of

εyy for the i th data point, dependent on the parame-
ters to be evaluated. The sum

∑N
i =1 δi was minimized

whilst satisfying Equation 9 for the value of the applied
stress intensity factorKI of 35 MPa

√
m. The best re-

sults were achieved forB(o)
I =8.88, A(o)

I / l =0.3. The
measured and calculated strain fields forεyy and to-
tal effective strainεef are presented in Figs 7 and 8.
The HRR model provides significantly better agree-
ment than SPG in both the plastic zone shape and size.
This provides an experimental basis for the conclusion
that the intrinsic length for 4340 is smaller than about
5 µm. Thus the SGP model is not applicable for the
description of the strain distribution for 4340.

5. Conclusions
• The strain maps in the crack tip area has been mea-

sured 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 experi-

ment. The direction of crack branching was in the
same direction as a major “ridge” ofεyy strain,
which in turn was in the same direction as pre-
dicted by the HRR model. Furthermore, the mea-
sured magnitudes of theεyy 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 re-
lated to the larger than expected CTOD values.
• The following discrepancies between the measured

strain fields for AISI 4340 and the HRR predictions
are noteworthy. (1) The crack branching. (2) Val-
ues of CTOD significantly higher than predicted by
HRR. (3) The major “ridge” ofεyy strain an angle
of about 60◦ with the direction of overall propaga-
tion of the fatigue precrack, in which the measured
magnitudes of theεyy strain in were greater than the
values predicted by the HRR model. (4) Asymmet-
ric shape of the plastic zone as measured by theεyy

strain. (5) Islands of extraεyy strain. (6) Values of
shear strainγxy significantly higher than predicted
by the HRR model.
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