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Duplex Stainless Steel Fracture Surface
Analysis Using X-ray Fractography

K. Rajanna, B. Pathiraj, and B.H. Kolster

The fatigue fracture surface of a duplex stainless steel was analyzed using x-ray fractography. A
lower than average austenite content was observed at the fracture surface due to the transformation
of austenite into deformation-induced martensite. The influence of fatigue cycling on the transfor-
mation was confined to a depth of about 30 um below the fracture surface. X-ray analyses of both the
ferrite-martensite and the austenite phases indicated residual stresses (¢,) increasing with depth
from the fracture surface and reaching a maximum some tens of microns below the fracture surface.
The lower 6, observed at the fracture surface has been attributed to the stress relaxation effects
caused by the new fracture surfaces created in the crack growth process. The observed decrease in
full width at half maximum (FWHM) in the ferrite-martensite phase was presumed to be due to the
dynamic recovery effect that was likely to occur within the material close to the crack tip as a conse-

quence of fatigue cycling.
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1. Introduction

X-RAY fractography is a technique in which a fracture surface
is examined using x-ray diffraction (XRD) methods (Ref 1).
Variations in the residual stress (G,) and the full width at half
maximum (FWHM, denoted by B) of the diffraction profile are
determined as a function of the maximum stress-intensity fac-
tor (Kpp,,) and the depth (y) below the fracture surface. So far
this technique has been employed to examine the fracture sur-
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Fig.1 Typical microstructure of the duplex stainless steel.
Electrolytically etched with 10% oxalic acid
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face of materials such as high-strength aluminum alloys (Ref
2), structural steels (Ref 3-5), austenitic stainless steel (Ref 6,
7), and ceramics (Ref 8). This investigation examines a duplex
stainless steel using this method.

Duplex steels are known for their corrosion resistance cou-
pled with excellent tensile, fatigue, and impact strengths (even
at low temperatures) (Ref 9). In general, their chemical compo-
sitions and thermal treatments are adjusted such that the steel
contains nearly equal parts of ferrite and austenite. This near-
equal proportion results in optimum strength, formability, and
weldability (Ref 10).

A duplex steel with about 50% ferrite and 50% austenite
was selected for this investigation. The variations in 6, and B as
a function of K., and depth below the surface were examined
for both the ferrite-martensite and the austenite phases of the
steel. Attempts were made to correlate the x-ray results with
features revealed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2. Experimental Details

The material investigated was A790-grade duplex stain-
less steel and was obtained in the form of 10 mm thick hot-
rolled bar. The steel was solution annealed between 1050
and 1100 °C and water quenched. The chemical composition
of this steel, as provided by the supplier, was Fe-0.024C-
1.60Mn-0.33Si-0.021P-0.001S-5.5Ni-19.6Cr-2.85Mo  (in
weight percent).

A small sample was cut from the bar and examined for mi-
crostructural analysis along the rolling direction. The sample
was prepared by mechanical means, and later electrolytically
etched in 10% oxalic acid using a current density of 1 A/cm? for
1 min. The etched surface was then examined under an optical
microscope. A representative microstructure of the original
steel before fatigue testing consisted of elongated austenite
grains in the ferrite matrix (Fig. 1). The average grain sizes of
the two phases when measured in the width direction were
found to be about 30 pm.

Compact tension specimens, 12.5 mm thick, were prepared
from the rolled bar for use in fatigue crack growth tests. Figure
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Fig.2 Orientation of the test specimen with reference to rolling direction of the bar
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Fig.3 Log (da/dN) versus log AK plot obtained for the duplex
stainless steel

2 shows the orientation of the test specimen with reference to
the rolling direction. This notch configuration was chosen so
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that the fatigue crack would propagate in the rolling direction.
Fatigue tests were carried out according to the ASTM E 647
standard procedure. All tests were performed in a £100 kN
static-dynamic servohydraulic test system, using a stress ratio
(R) of 0.1 and a frequency of 20 Hz.

One of the fracture surfaces was examined by high-resolu-
tion SEM to analyze the fracture morphologies at different
crack length positions corresponding to different K, levels.
X-ray residual stress measurements were subsequently per-
formed at these locations using the standard multiple-exposure
sin?y method (Ref 11). A portable x-ray stress analyzer using
filtered Cr-Ko radiation was employed for this purpose. The
ferrite and austenite contents of the steel were determined by
comparing the integrated intensities of the XRD profiles of the
(211) ferrite and the (220) austenite reflections. The stress
measurements were performed on both the ferrite and the
austenite phases using the respective reflections. The residual
stress measurement system was automated for carrying out
measurements continuously at preselected locations. This was
achieved by means of software developed for moving the
specimen to the next preselected location for measurement
soon after completing the measurement at a particular location.
The x-ray-irradiated area was restricted to a strip approxi-
mately 10 mm long and 1 mm wide. This was achieved by at-
taching an additional slit with a suitable opening to the soller
slit assembly of the x-ray goniometer at the source side. Sub-
surface x-ray analysis was performed by successive layer re-
moval of the material by electropolishing. The thickness of
material removed was measured by a precision-type dial gage
to an accuracy of =1 um.

A few 2 mm disk-type TEM samples were prepared at dif-
ferent locations from the second half portion of the test speci-
men. Such samples were prepared from material lying below
the fracture surface at a depth of about 30 pm. These were ex-
amined in a 200 kV high-resolution TEM.
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Fig.4 Representative SEM fractographs at different K 4 levels in the duplex stainless steel. Arrows indicate the direction of crack propa-

gation.
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Fig. 5 Variation in austenite content with K.«

3. Results and Discussion

3.1 Fatigue Crack Growth Tests

The log (da/dN) versus log AK plot is shown in Fig. 3. The
stable crack growth is limited up to a AK vaiue of about 30
MPavm. The slope of the plot (i) is 3.06, somewhat smaller
than the value of about 3.30 obtained with fully austenitic stain-
less steels (Ref 7). The absolute da/dN values at any K, were
also found to be far smaller than those obtained for austenitic
stainless steels (Ref 7) and C45-grade ferritic steel (Ref 5).

3.2 SEM Analysis of the Fracture Surface

Representative fracture morphologies are shown in Fig. 4(a)
to (d) as a function of K,,. Figures 4(a) and (b) show quasi-
cleavage features observed in the K., range of 16 to 30
MPavm (stage II region). Some localized dark shaded regions
with typical fatigue striations are visible in Fig. 4(a) and (b). As
K ..« approaches 30 MPavVm, the fracture morphologies indi-
cate typical fatigue striations (Fig. 4c). This K,,, value ap-
proximately coincides with that at which the fast fracture
region begins. At the fast fracture locations where K., is
greater than 40 MPaVm , the fracture consisted of quasi-cleav-
age features (Fig. 4d).

Journal of Materials Engineering and Performance

& (211) Ferrite

700 + O (220) Austenile

[
600 - Stage Il v Stage NI —_—
(stable crock ! (fast froclure)
growth)

500 |

, (MPa)

r

400

Residual Stress o
[+
(=3
=
T

200 |- - —A=
100 -
0 - 1 1 . J
10 20 3 40 50 60 100
K MPa /m

max*

Fig. 6 Residual stress, oy, distribution as a function of Kipax

3.3 X-ray Analysis of the Fracture Surface

The variation in the austenite content was examined at dif-
ferent locations of the fracture surface and is shown in Fig. 5 as
a function of K ,,. A maximum decrease of about 20% in
austenite content from the base composition (50%) is apparent.
The variation in the austenite content is approximately linear
up to about 35 MPavm . No further significant decrease is ob-
served at K, values greater than 40 MPaVm. The decrease in
austenite content is considered to be a consequence of the for-
mation of deformation-induced martensite as a result of plastic
strain at the crack tip. The differences noticed in the variation
of the austenite content as a function of K, (Fig. 5) may per-
haps be related to the differences in the fatigue behavior of the
individual phases of the duplex steel due to the plastic strain cy-
cling. Magnin et al. (Ref 12) investigated the low-cycle fatigue
(LCF) behavior of similar duplex stainless steel by studying the
deformation mechanisms of individual phases of the steel. It
was shown that at low strain amplitudes (Ag,/2 < 1073), the
LCF behavior of the steel was controlled by the cyclic deforma-
tion of the austenite. On the other hand, at high strain ampli-
tudes (Agy/2 > 1073), the cyclic deformation behavior of the
ferrite was found to control the LCF properties of the duplex
steel. In the latter case, it was also noticed that even if the
austenite was plastically deformed, crack initiation in ferrite
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(o) occurs early so that the fatigue resistance of the austenite (y)
phase does not influence the behavior of the duplex alloy. Fol-
lowing these observations, the present result could be ex-
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Fig.7 FWHM (B) distribution as a function of Kpax
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plained by assuming that the plastic strains are small within 35
MPavVm and are accommodated in the austenite phase, result-
ing in its transformation to strain-induced martensite.
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Fig. 8 Variation in austenite content with depth below the frac-
ture surface
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Fig. 9 Residual stress, Gy, distribution as a function of depth below the fracture surface. (a) Ferrite-martensite phase. (b) Austenite phase
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Fig. 10 FWHM (B) distribution as a function of depth below the fracture surface. (a) Ferrite-martensite phase. (b) Austenite phase
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The o, variations with K., are shown in Fig. 6 for both the
ferrite-martensite and the austenite phases. At all locations the
stresses are tensile. No significant differences in the 6, distribu-
tions of either phases are noticed except at very low K., lev-
els. The corresponding B variations with K, are shown in Fig.
7 for both phases. The overall B-K,, variations in both phases
appear to be marginal, and the B values for the ferrite-marten-

site are always larger than those for the austenite.

3.4 Subsurface X-ray Analysis

The variation in austenite content for different X, ,, values
was determined as a function of depth (y) below the fracture
surface. The results obtained are shown in Fig. 8. The austenite
content was found to approach the base material composition
of 50% at a depth of about 30 pm.

The o variations as a function of depth below the fracture
surface for the ferrite-martensite and the austenite phases are
shown in Fig. 9(a) and (b), respectively. In both cases, the 6,
was found to increase to a maximum within a depth of a few
tens of microns below the fracture surface. Thereafter, a grad-
ual decrease to a minimum was noticed at greater depths. The
lower o, value observed at the fracture surface is due to the re-
laxation of the elastic component of the total stress-strain de-
veloped within the plastically deformed region ahead of the
crack tip. The creation of free surfaces due to the crack growth
process could result in such a stress relaxation.

The corresponding B variations with depth for the ferrite-
martensite and the austenite phases of the steel are shown in
Fig. 10(a) and (b), respectively. They show a gradual decrease
to about 1.56° for the ferrite-martensite phase and to about
1.00° for the austenite phase. The variations in the ferrite-
martensite phase (Fig. 10a) within a depth of a few tens of mi-
crons below the fracture surface show trends with a decrease in
B followed by a small increase. This resulted in a minimum
value of B within these depths. These depths were presumed to
refer to the extent of the material damage as a consequence of
fatigue cycling wherein some dynamic recovery in ferrite could
have occurred. Similar observations have been made in the
analysis of C45 steel specimens tested in different heat-treated
conditions (Ref 7). The dynamic recovery aspect was exam-
ined by analyzing several samples, prepared from material
close to these depths, in a 200 kV high-resolution TEM. The
representative micrographs, shown in Fig. 11 for the ferrite-
martensite phase, indicate the variations in the dislocation den-
sity and their arrangement as a function of K. They also
indicate the presence of some dynamic recovery (Fig. 11b)in at
least a few locations. The B-y variations for the austenite phase
did not show a minimum B value below the fracture surface, in-
dicating no recovery effects.

4. Conclusions

¢ Theda/dN value atany K, was found to be lower in a du-
plex stainless steel than in fully austenitic steels.

e The fracture morphologies indicated quasi-cleavage fea-
tures within the stable crack growth region. Some localized
areas were found to contain fatigue striations.
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A linear increase in martensite content and K, was no-
ticed up to about 35 MPavm . A maximum increase of about
20% in the martensite content was noticed within this range

of K ... This was considered to be a consequence of the
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Fig. 11 Representative TEM micrographs for the observations

made at 30 im below the fracture surface at different K, ,, lev-
els in the ferrite phase of the duplex stainless steel
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formation of deformation-induced martensite due to the
plastic strain cycling effects ahead of the crack tip.

Both the ferrite (o) and austenite (y) phases were found to
contain tensile residual stresses (0,) at the fracture surface,
and no significant differences were noticed in the o, vari-
ation with K, .
The overall variation of the diffraction profile breadth (B)
with K., was observed 1o be marginal in both phases. The
B value for the ferrite-martensite was larger than that for the
austenite at any K ... )
The amount of deformation-induced martensite was found
to decrease with depth below the fracture surface and to ap-
proach the base composition (50%) at a depth of about 30
pm.

The ¢, distributions with depth exhibited maxima at a depth
of a few tens of microns below the fracture surface for both
the ferrite-martensite and the austenite phases. The mini-
mum o, at the fracture surface has been attributed to the
possible relaxation of the elastic stress due to the new frac-
ture surfaces created by the growing crack.

The B variations with depth exhibited minima within a few
microns of depth below the fracture surface in the ferrite-
martensite phase, indicating a possible dynamic recovery.
This was confirmed by some TEM investigations per-
formed on samples taken from depths just close to the frac-
ture surface. In austenite, no such trends were noticed.
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