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Introduction

Changes in the plastic zone size determined with diffraction
line broadening are used to verify an analysis of the
maximum stress intensity factor (SIF) for a fatigue crack
grown in a tensile residual stress field.

Methods and Materials

Sample and fatigue testing
An ASTM-type CT specimen [1], shown in Figure 1, of
1080 steel was used. The steel was spheroidized by heating
at 800o C for 30 minutes, quenching with and then
tempering at 800o C for 3 hours. The ferrite grain size was
approximately 5.6 µm, while the cementite particles had an
average size of 1 µm. Residual stresses were introduced by
hydraulically pressing an oversized tapered pin into a tapered
hole. A companion specimen without the tapered hole and
interference pin was used for comparison.

Figure 1:  CT specimen with interference pin.

The cracks were grown with a constant applied SIF range of
25 MPa√m and an applied load ratio of 0.1. The crack
length was measured using the compliance method [1].

Initial residual stress measurements
The initial residual stresses were measured using x-ray
diffraction at Northwestern University [2]. Chromium
characteristic x-rays of wavelength 2.2897 Å were used with
a spot size of 210 µm on the surface of the specimen.

Plastic zone measurement
The specimen was sectioned perpendicular to the crack plane
with a water-cooled abrasive wheel. This gave experimental
access to an interior plane of the specimen. To eliminate the
material damage introduced during the cutting process, the
interior surface was metallographically polished and etched.
Final polishing was done with 0.05 µm alumina powder and
etching was done with 2% nital.

The plastic zone around the crack was examined by using
diffraction peak broadening to reveal material that had
experienced plastic deformation. The experiments were
conducted using synchrotron radiation from the SRI-CAT

beamline 1-BM at the Advanced Photon Source at Argonne
National Laboratory. A focused 10 keV x-ray beam was used
with a spot size of 50 x 50 µm produced at the specimen
position by use of crossed tungsten slits. The specimen was
mounted on a translator that allowed orthogonal motions
perpendicular to the x-ray beam with 1 µm resolution. The
ferrite 411 diffraction peak at approximately 133° 2θ was
observed for line broadening.

The experiment started with finding the position of the crack
surface in relation to the x-ray beam. The position of the
crack face in relation to the beam was found for each crack
length investigated by monitoring the fluorescence produced
by the specimen as the crack face was scanned across the
beam. The position where the iron fluorescence reached half
its full value was recorded as the crack face for that particular
crack length.

Once the crack face was found, diffraction peaks were
recorded at a series of distances from the crack face. Near the
crack face the diffraction peaks were broadened from plastic
deformation. The diffraction peaks were fit to a Gaussian
function with a linear background to determine their full
width at half maximum (FWHM). The location where the
FWHM returned to its value remote from the crack face was
then defined as the boundary of plastic zone.

Results

Fatigue crack propagation
The fatigue crack propagation rate was accelerated
significantly compared to that in a sample with no initial
residual stress, which has a constant propagation rate.

Residual stresses and the plastic zone
Figure 2 shows the initial residual stress distribution before
fatigue cracking. Finite element modeling of the insertion
process gives comparable results for the faces and shows
that the stress distribution in the interior is similar [3]. The
residual stresses were then converted to a residual SIF using
the weight function, m(a,x), for a CT specimen and the
relation [4, 5, 6]
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Figure 2:  Initial residual stress along prospective crack line.

Figure 3 shows the residual SIF versus crack length
calculated using Equation 1.

Figure 3:  Residual stress intensity factors calculated using
three different weight function solutions.

Figure 4 shows the height of the plastic zone as measured
for points along the crack length. The data show that as the
crack grows into the tensile residual stresses the plastic zone
size increases.

Figure 4:  Vertical plastic zone size compared with results of
different theories and experiments [7–10].

Discussion

It is convenient to use a linear elastic fracture mechanics
approach, because once the stresses have been converted to
SIF, addition can be easily performed with the
superposition principle. For a specimen without residual
stresses, the maximum SIF is the same for all crack lengths,
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For the constant applied SIF range ∆K=25 MPa√m and a
load ratio R=0.1, Kmax is 27.78 MPa√m. On the other
hand, for a sample containing residual stresses, the residual
SIF should be added based on the superposition principle,

)R1(

K
KK

Rmax −
∆+= . (3)

The first term of the right side, KR, is the residual SIF
shown in Figure 4, while the second term remains 27.78
MPa√m. Thus, as the crack grows and sees a larger residual
SIF, Kmax will increase resulting in a larger plastic zone.

In Figure 4, the experimental results are compared with
calculated plastic zone sizes using Equation 3 and several
constants obtained analytically and experimentally [7–10].
The experimental constants vary because they are obtained
by different methods with different criteria for the boundary
of the plastic zone. The experimental data obtained through
diffraction line broadening falls between Irwin’s and Rice’s
analytical solutions, which are upper and lower bounds. The
figures also show that Birol’s method predicts higher plastic
zone sizes because, it can be assumed, the etching method
has a higher resolution for plastic deformation for the
material that he used. On the other hand, the microhardness
method predicts lower plastic zone sizes. This implies that
the microhardness method has a lower sensitivity to plastic
deformation.
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