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Introduction

At low AK levels the Paris law does not always hold and the threshold
stress intensity for crack growth, A Ky, is approach where the condition for
crack growth is described by AR > A Ky, [1]. The crack propagation process
in the near threshold region is considerably influenced by three distinct types
of crack closure phenomena, described as plastic-, oxide- and fracture surface
roughness induced crack closure.

It has been reported that the microstructure, stress ratio, R, and envi-
ronment also have a significant effect on near threshold fatigue crack growth
behavior [2]. In the present study, the effects of microstructure and fracture
surface roughness on A Ky, and the near threshold fatigue crack growth rate

have been investigated for a two-phase cast stainless steel.
2. Materials and Experimental Procedure

The material used was a ferritic-austenitic, duplex, stainless steel having
the chemical composition(wt%); C, 0.021; Si, 0.85; Mn, 0.98; P 0.009; S,
0.008; Nz, 6.01; Cr, 22.9; Mo, 3.01; N, 0.13. Heat treatment consisted
of a solution treatment at 1353K for 4h followed by water cooling. The
mechanical properties of as-cast specimens and heat-treated specimens are
presented in Table 1. Microsuructures of the as-cast specimens and the

heat-treated specimens are shown in Fig.1. Fatigue tests were carried out
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using 14mm thick CT specimens, on an MTS electro-hydraulic fatigue testing
machine. The measurement of crack closure was done using the unloading
elastic compliance method and the load-displacement curve determined with
a strain gauge fitted on the back surface of the specimen. The threshols,

AKy, was determined in terms of the AK at which no crack growth could

Table 1. Mechanical properties
Charpy absorbed
energy

)

Tension test

Gy Ous El. BHN—mMmMmMMmmm
(MPa) (MPa) (%) (Hz) +20°C -30°C
As-cast
material 532 751 27.0 248 45.1 7.9
Heat-treated
material 513 687 289 229 176.0 173.1

{a)

Fig. 1. Microstructures of as-cast and heat-treated specimens: (a) as-cast material; (b) heat-treated
material.
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be detected within 107 cycles. This corresponds to a threshold defined in
terms of a maximum crack growth rate of less than 10~8mm/cycle. The
loading conditions were given by stress ratios of R = 0.12 and 0.6 and a

constant frequency of 20H z.
3. Experimental Result and Discussion

The fatigue crack growth rate for as-cast material and for heat-treated

material at two stress ratios is illustrated in Fig.2 as a function of AK. As
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Fig. 2. Relationship between da/dN and AK at R =0.12 and 0.6: (a) as-cast material; (b) heat-treated
material.

the stress ratio increases, the crack growth rate also increases. This increases
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in crack growth rate is similar for the heat-treated material. At high AK
values the heat-terated material approaches that of the as-cast material. In
the low AK range, the crack growth rate of the as-cast material is greater
than that of the heat-terated material. Threshold data for both materials at
a crack growth rate of 1078mm/cycle are given in Fig.2. The threshold for
as-cast material decreases from10 to 5M Pa+/m as stress ratio increases from

0.12 to 0.6. The ALKy, value is greater for the heat-treated material than for

the as-cast material.
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Fig. 3. Variation of U with AK.

The variation of crack opening ratio, U, with AK is shown in Fig.3,
where the U value is defined by the ratio of crack opening stress intensity
factor to maximum stress intensity factor. The crack opening ratio, U, is
mostly lower for the heat-treated material than for as-cast material. At
R = 0.12 there is increasing separation between the curves with increasing
AK showing microstructure has a significant effect on the crack opening

ratio, U. The crack growth rate for both materials is plotted aginst the
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effective stress intensity factor, AK, ff» in Fig.4 at stress ratio of 0.12 and

0.6. It can be seen from Fig.4 that for the as-cast material the effect of stress
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Fig. 4. Crack growth rate vs AK,;.

ratio can be removed by the use of the effective stress intensity, AK,yy.
The same is true for the heat-treated alloy at high AK,y; values where the
data are close to that for the as-cast material. At lower AK,ss values, the
separation between the two sets of data reflects microstructural effects.

The distribution of fracture surface roughness of an as-cast specimen
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tested at R = 0.6 is shown in Fig.5 where H is the profile-height, a the crack

150 R=0.6

As —cast material

100

Hmax (pm)

BKyy

Fig 5. Distribution of fracture surface roughness for an as-cast specimen at R =0.6

length and t the specimen thickness. It can be seen that the general fracture
surface roughness is large. The fracture surface roughness for a heat-treated
specimen at R = 0.6 and 0.12 1s illustrated in Fig.6. It can be seen from
Fig.5 and 6 that the fracture surface generally tends to be rougher for the
as-cast material except between a = 20 and 25mm.

It can be seen from Fig.1 that there is a significant difference in the
microstructure of the two material, with the as-cast material having a volume

fraction of ferrite of about 59.4%, and large austenite grains segregated in
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the ferritic matrix.

While, for the heat-treated material, the fine austenite

EEEEEE

t-treated specimen: (a) R =0.6; (b) R =0.12.

of fracture surl

Fig. 6. Distribution
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grains are uniformly distributed in the ferritic matrix. The fracture surface

roughness should depend on the microstructural size which is confirmed by
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Fig. 7. Relationship between the ratio of surface roughness to CTOD,,,, and AK.

the present data where the surface roughness is greater for the as-cast mate-
rial than for the heat-treated material. The distribution of fracture surface
roughness for a heat-treated specimen at R = 0.12 is shown in Fig.6(b). The
fracture surface at the near threshold region is rougher for R = 0.12 than
for R = 0.6. After AKy, was obtained crack growth was continued under
constant load at a higher AK. Thus the fracture surface roughness becomes

greater in this constant load crack growth region particularly for R = 0.6
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In the near threshold region, the relative fracture roughness is expressed
as the measured surface roughness divided by CTO Dy, ax, the maximum crack
tip opening displacement, which is considered to be an important parameter
[4]. Fig.7 shows the relationship between the ratio of surface roughness to
CTODpax and AK. When the ratio of surface roughness to CTOD y.xis
large, pronounced crack closure should occur. However the ratio of surface
roughness to CTODy,,x for the heat-treated specimen is almost the same
as that for the as-cast specimen at both stress ratios. This differs from
the variation in crack closure level reported above where it is greater for
the heat-treated material than for the as-cast material. Park and Fine [3]
have shown that the fraction of shear mode facets increases as the ALy,
value is approached thus giving increasing surface roughness. Their result
suggests that the mode II component significantly influences the crack closure
behaviour at the near threshold region. As described region. As described in
the fractographic results, there is a significant difference in the shear mode
facets in the near threshold region of the two materials.

As shown in Figs 2 and 4. the near threshold crack growth rate for

the heat-treated material is lower than that for the as-cast material at the
sameAK or AK,¢s. The data shown in Table 1 imply that the coarse austen-

ite grain size of the as-cast material is responsible for the sharp drop in its
Charpy absorbed energy although the change of tensile strength between
heat-treated and as-cast material is relatively small. Also, because the solu-
tion treatment should promote partial transformation of « ferrite toy austen-
ite, the volume fraction of austenite should increase for the heat-treated spec-
imen. The improvement of fracture toughness suggests that the increase in
volume fraction of austenite and the fine austenite grain size, which resulted
from solution treatment, contributes to an increase in the resistance to crack
propagation in the near threshold region. Metastable austenite can be easily

transformed to martensite by strain [5]. Such a transformation results in an
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increase in the crack closure level thus improving the fatigue crack propaga-
tion resistance [5]. There is evidence of increasing crack closure level for the

heat-treated specimen, as shown in Fig.3.

Fig. 8. Fracture morphology for the as-cast material: (a) R =0.6, AK =16 MPaﬁ; (b) R =0.12,
AK =11 MPa . /m.

Fig. 9. Fracture morphology for the heat-treated material: (a) R =0.6, AK =8 MPa\/r;; (b)
R =0.12, AK = 62 MPa,/m.
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Figures 8 and 9 show the typical fracture morphology at R = 0.12 and
0.6 for the as-cast material and the heat-treated material, respectively. At
high AK, striations are observed [see Fig. 9(b)]. As AK approaches AKy;,
there is strong evidence for a microstructure-sensitive fatigue cracking process
which exhibits a shear mode facet which depends on the microstructural size
[see Figs 8(a), 8(b) and 9(a)]. In particular, the occurrence of a flat fracture
appearance in the near threshold region suggests that the fatigue crack would
arrest at austenite grains, and then grow along the interface of the grain. The
size of the flat fracture appearance is greater for the as-cast than for the heat-
treated material. At the near threshold region, the crack closure behaviour
depends on not only the fracture surface roughness, but also the metallurgical

parameters such as the microstructural and fracture feature dimensions.
Conclusions

(1) The crack growth rate decreased with decreasing stress ratio. When
AK approached A Ky, the stress ratio strongly influenced the crack growth
rate and ARy,

(2) Analysis of the crack growth data using AK.sr showed that the
effect of stress ratio could be explained but the effect of microstructure on
crack growth could not.

(3) For the two-phase cast stainless steel, the roughness of the frac-
ture surface was greater for the as-cast material than for the heat-treated
material. However, the crack closure level was greater for the latter than
for the former at a given stress ratio. The dependence of crack closure on
the fracture surface roughness could be explained using the relative surface
roughness. The crack opening and closure behaviour at the near threshold
region is strongly dependent on the surface roughness and the strain-induced

martensitic transformation.
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