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Abstract

The fatigue crack growth behavior of AlSI 304 stainless steels annealed by la§#dwas investigated in the study. For the laser-annealed
specimen prior to introducing a notch, the residual tensile stress was obtained around the center of the laser-annealed zone (LAZ), and tt
residual stress field changed gradually from tensile into compressive stress with increasing the distance away from the centerline of LAZ
Based on the experimental result, the laser-annealed specimen tested undéf lad a higher resistance to fatigue crack growth in the
region preceding the LAZ after introducing a notch perpendicular to the LAZ. In contrast, the retardation of fatigue crack growth disappeared
for the laser-annealed specimen stress-relieved at@%6r one hour. The presence of residual compressive stress field ahead of the crack
tip resulted in the decreased fatigue crack growth rate (FCGR). Moreover, residual compressive stresses enhanced the effect of crack closu
and led to the formation of rubbed marks on the fatigue-fractured surface. As the fatigue crack propagated further into the LAZ, the residual
tensile stress field ahead of crack tip did not accelerate the crack growth. The results indicated that tensile stress field ahead of the crack t
had little effect on the FCGR of the ductile 304 stainless steel.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fore, the fatigue life of many structural alloys can be greatly
improved by the presence of residual compressive stresses
Residual stresses are usually developed as a result of plasf5,6]. Not only ca/dN decreases but also the threshold\f
tic deformation and/or temperature gradient in the material. It (AKth) increases with increasing the residual compressive
is well known that residual stresses have a great influence onstress.
the performance of most structural alloys. Considerable ef-  Several models based on the initial distribution of resid-
fortsincluding both theoretical and experimental studies have ual stresses have been proposed to predict the influence of
been concentrated on the effect of residual stresses on fatigueesidual stresses on FCGR5,9]. However, the computation
properties of many engineering allojis-6]. It has been re-  of residual stress intensity using the weight function method
ported that the residual tensile stress accelerates the fatiguenay overestimate the effect of residual stresses on fatigue life
crack growth rate (FCGR) due to the enhancement of crackfor most alloys, if the redistribution of residual stresses is not
opening7,8]. In contrast, the residual compressive stress can considered simultaneously during the fatigue crack growth.
effectively retard the fatigue crack growih,9-12] There- The redistribution of residual stresses takes place during the
fatigue crack growth, so the residual stress intensity factor
- _ (Kreg) in front of crack tip changes with crack propagation
* Corresponding author. Tel.: +886-2-246221926405; . . . .
fax: +886.2-24625324. [6,13]. Investigation of the residual stress effect on the fatigue
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instead of considering its initial stress state only. In general, shaded area in the figure is the laser-annealed zone (LAZ).
the AISI 304 stainless steel (304SS) does not experience subThe width of LAZ is simply estimated by the laser beam
stantial phase transformation during the heat treatment, so thescanned zone. Additionally, the NCD stands for the distance
effect of microstructure on the FCGR is not considered. Itis between the notch tip to centerline of LAZ. For the speci-
quite suitable to choose 304SS in evaluating the influence of men with the crack growth direction normal to the laser scan
residual thermal stresses on its FCGR. direction, such a specimen is designated as the NL speci-
The use of hole-drilling strain gage method to measure men throughout the experiment. An MTS equipped with a
the residual stress in various regions of a weld is fairly dif- servo-controlled hydraulic testing system was applied in the
ficult because of the irregular shape and/or discontinuity in fatigue test. The testing software 759.40 was capable of of-
the fusion zone. On the other hand, the application of laserfering various testing conditions, including: constant load,
surface treatment, e.g. laser annealing, can impose residuatonstantAK andK-controlled tests. The compliance func-
thermal stresses without changing the surface morphology oftion proposed by Saxena and Hudak] was used to deter-
the specimen. Therefore, measurements of residual thermamine the fatigue crack length. Additionally, the crack length
stresses in the laser-annealed specimen are much easier thaneasured by crack-opening displacement (COD) gage was
those in the weld. The purpose of this research is to evaluatecalibrated using a 39 traveling microscope.
the effect of residual thermal stresses, especially stress redis- In order to determine the effect of stress relaxation on
tribution ahead of the fatigue crack tip, on the FCGR of the FCGR of the NL specimen, the notch tip to centerline of
laser-annealed 304SS plate. LAZ distance (NCD) was preset at selected lengths, e.g. 10,
7.5 and 5 mm. For instance, the NL-10 specimen represented
that the notch tip was located at 10 mm away from the cen-
2. Material and experimental procedures terline of LAZ. In order to minimize the machining-induced
stresses on the laser-annealed CT specimens, all CT speci-
The chemical composition of 304SS plate was 18.03 wt.% mens were cut from laser-annealed steel plate by a computer-
Cr, 8.38wt.% Ni, 0.043wt.% C, 1.03wt.% Mn, 0.46wt.% controlled electro-discharged wire cutter with accurately
Si, 0.036Wt.% P, 0.005wt.% S, 0.45wt.% Cu and Fe bal- controlled NCDs. Prior to the fatigue crack growth test, all
ance. Laser surface treatments were carried out by usingCT specimens were pre-cracked 2 mm depth ahead the notch
a Rofin-Sinar 5kW C@ laser. The laser beam size on the tip using the MTS machine. In the fatigue test, the loading
specimen was about 6 mm 25 mm by using a rectangular ~ frequency was 20 Hz with a constant amplitude sinusoidal
lens to provide a uniform energy intensity within the treated waveform, and the applied stress ratig) fvas kept at 0.1
area. Prior to laser treatments, the specimens with the dimenihroughout the experiment. At least three tests were per-
sions of 250 mnL x 120 mmW x 4.6 mmT were sprayed  formed for each testing condition. The fractured surface was
with a black paint to enhance surface absorption of laser en-examined using a Hitachi 4100 field emission scanning elec-
ergy. The laser power and its scan rate were 2000 W andtron microscope (FESEM) with an operating voltage of 15 kV.
1500 mm mirrl. Symmetrical laser irradiations on both top Measurements of the residual stress were performed using
and bottom sides of the specimen’s surfaces at the specificthe hole-drilling strain gage method based on ASTM E837-92

location were performed in order to reduce distortion of the Specification. The strain-gage rosettes (CEA-06-062UL-120
specimen after laser annealing. manufactured by Measurements Group, Inc.) were attached

Fig. 1 shows the schematic diagram of compact tension at the centerline of the LAZ as well as various locations away
(CT) specimen used in the fatigue crack growth test. The from the centerline. The measured stress in the laser-annealed
specimen was divided into longitudinal and transverse resid-
ual stresses with respect to laser scanning direction. Because
the effect of residual stresses perpendicular to the notch tip
was more prominent than those parallel to the notch tip in
- the fatigue test, only residual stresses perpendicular to crack
growth direction were taken into consideration in the study.

GI—} 3. Results and discussion

Fig. 2 shows the experimentally determined longitudinal
30 Nep| 3 residual thermal stress distribution in a laser-annealed steel
s plate prior to introducing a notch. It is noted that the lon-
gitudinal residual stresses are aligned normal to the crack
propagation plane of the NL specimen. Based on the experi-
Fig. 1. The diagram of NL specimen used in the experiment, dimension in Mental observations, the longitudinal tensile stress field is ob-
mm (NCD: the distance between the notch tip and centerline of LAZ). served aroundthe LAZ. Increasing the distance away from the
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Fig. 2. Experimentally determined longitudinal residual stress profile in a 10
laser-annealed steel plate prior to introducing a notch. 0 20 30 40 50 ©0
AK(MPa[)

centerline of LAZ, the residual tensile stress is decreased and

even converted from tensile into compressive stress. Mean-rig. 3. The FCGR vsAK curves for NL-10 and NL-SR specimens in com-
while, the induced residual tensile stress of 304SS plate hagparison with the base metal.

to be self-balanced by the residual compressive stress in the

remaining part of the specimen. ing AK once exceeding a critical value. The FCGR speeds

In order to realize the effect of an introduced notch upon up and eventually leads to a higher FCGR than that of the
the redistribution of residual thermal stresses, laser-annealedase plate in the region ahead of LAZ. As the crack propa-
steel plate with various NCDs were made using an electro- gates into the LAZ, similar FCGR between the NL-10 and
wire cutter. A hole with 1.6 mm in diameter was drilled at base metal are observed. The significant difference in FCGR
2mm ahead of the notch tip in order to measure the stressbetween NL-10 specimen and base metal in lot range
state of the notch tip. It was found that the longitudinal resid- cannot be attributed to the microstructural effect. Actually,
ual thermal stresses were28 MPa for the specimen with  the redistribution of the residual thermal stress ahead of the
10 mm NCD and—49 MPa for the specimen with 7.5mm crack tip is primarily responsible for the improved resistance
NCD. Based orfig. 2 residual tensile stresses were avail- to crack growth for the laser-annealed specimen.
able at the locations with 7.5 or 10 mm away from the cen-  If the stress-relief heat treatment is imposed on the laser-
terline of LAZ prior to introducing notches. However, they annealed specimen at 830 for 1h, i.e. NL-SR specimen
were changed into compressive residual stresses after introshown inFig. 3, the obvious retardation of crack growth in
ducing notches in the above laser-annealed steel plates. Théhe low AK range disappears. In general, the NL-SR speci-
redistribution of stresses in the laser-annealed steel plate ocimen exhibits similar FCGR as the base metal. The reduced
curred drastically after introducing a notch into the specimen. FCGR in a weld have been reported previol$~18] The
Additionally, current experimental data behave the similar superior resistance to crack propagation in the weld metal and
tendency as the previous results assisted by a finite elemenheat-affected zone as compared with that of base plate was
method[15]. Consequently, it is demonstrated that signifi- observed in both the as-welded A514 and A36 steel weld
cant redistribution of the residual stress ahead of the crack[16,17] However, the considerable increase in FCGR was
tip proceeds with an introduced notch or crack. The redistri- observed for the welds subjected to a post-weld heat treat-
bution of residual stresses may impose a great impact on thement[16,18]. Itis in accordance with the above experimental
behavior of fatigue crack growth. result.

Fig. 3 displays the relation betweera/dN and AK for Fatigue crack growth tests were progressively performed
304SS base plate and laser-annealed specimens with then the laser-annealed specimens with different NGixs.4
notch perpendicular to LAZ. The experimental result indi- shows the relation betweera/dN and AK for the laser-
cates that the FCGR of NL-10 specimen is much more sen-annealed CT specimens with 5 and 7.5mm NCDs in com-
sitive to the change oAK than that of base plate. For the parison with those of the base metal. It is obvious that
testing of NL-10 specimen, the initiadK value had to be  further decreasing NCD deteriorates the initially high re-
raised above a critical value, or the stable crack growth of sistance to the fatigue crack growth of the laser-annealed
NL-10 specimen could not be obtained. Compared with the specimen in lowAK region. The discrepancy of the FCGR
304SS base plate, a threshold growth behavior of the NL-10 between laser-annealed specimens and the base metal in the
specimen occurred due to the existence of residual compresiow AK range disappears for specimens with shorter NCDs.
sive stress field ahead of the notch tip. It is also noted that theThe NL-5 specimen eventually exhibits the similar fatigue
FCGR of the NL-10 specimen increases rapidly with increas- crack growth behavior as the base plate.
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in the base metal (BM) before entering the LAZ with the
width of approximately 5.0 mm. Higher resistance to fatigue
crack growth is found in the region ahead of LAZ, especially
for the low AK condition. It indicates that the presence of
residual compressive stresses ahead of crack tip causes the
reduction of FCGR in front of LAZ for the laser-annealed
specimen. Horikawa and Takafj7] reported that residual
welding stresses have a great influence on both crack initia-
tion and growth at lonAK and/orRratio. Especially for the
specimen tested under the lower constaKtcondition, e.g.
AK = 22.5 MPan¥/?, the initial retardation of crack growth
was very prominent as shownfig. 5. Additionally, the ini-
tially high Paris law gradient associated with excessive ac-
celeration of crack growth ahead of LAZ was also observed.
L[ P —— 304618680 As the crack grew gradually into the specimen, continuous
AK(MPa/) relaxation of residual stresses led to reduce its impact on the
fatigue crack growth. Meanwhile, the initially high retarda-
Fig. 4. The effect of various NCDs on the/dN vs. AK curves of the laser- tion of crack growth reduced in the highK condition, e.g.
annealed CT specimens in comparison with the base metal. AK = 27.9 MPar?/2. It indicates that the effect of residual
thermal stresses to impede crack growth is not so effective in
The effect of stress redistribution in the laser-annealed CT e highAK condition.
specime'm duripg the fatigue 'crack growth was accessed by  ag the crack propagating into the LAZ, the fatigue crack
measuring residual stresses in both NL-10 and NL-7.5 spec-qrowth behavior is similar to that of the base plate. Itis found
imens. The result further confirmed that the residual tensile {hat the residual stress measured in the region ahead of crack
stress was found within the LAZ, and the residual compres- i js 248 MPa in tension, and the residual stress at the loca-
sive stress was located ahead of the crack tip in both speci+ion 10 mm in front of the crack tip is 140 MPa in compres-
mens. It has been studied previously that introducing a deepsjon. Based on the previous finite element simulated result,
crack into the laser-annealed CT specimen causes a signifihe residual stress ahead of the crack tip was completely ten-
icant redistribution of residual stresses ahead the crack tipgjje stress as the crack propagates into the [2g]. It is
during the fatigue crack growth tefits]. Accordingly, cur-  noted that the enhanced FCGR does not take place in the ex-
rent experimental measurements are well consistent with théperiment, It indicates that a tensile stress field ahead of the
computer simulated resul5]. Therefore, lower FCGR of - ¢rack tip has little effect on the FCGR of the ductile 304SS.
NL-10 and NL-7.5 specimens in the lowK regime were  okamoto has pointed out that residual compressive stresses
primarily resulted frqm the residual compressive stress field remarkably suppress the inner surface crack growth of a low
ahead of the crack tip. carbon steel pipe, while residual tensile stresses do not ac-
Inorder to magnify the change of FCGR in various regions ¢ejerate the FCGR to a large extg8iL. It is consistent with
of the NL-10 specimens, constafiK tests were performed  he current investigation.
at anR ratio of 0.1.Fig. 5illustrates the crack .p'ropagating Fig. 6a) shows the SEM fractograph illustrating typi-
normal to the LAZ under two constamiK conditions. The ¢4 transgranular dominated fatigue fractured surface of the
crack propagated about 7.25mm (including 2 mm precrack) 304Ss base metal. The fractograph of steel plate is primarily
comprised of transgranular fracture and a few flat facets. Ac-
1x10° cording to Gao et al19,20], both twin and austenite grain
boundaries serve an easy path for crack propagation. Addi-
tionally, the fracture path along twin boundaries results in
flat facets on the fractured surfaf@9]. The high resistance
to crack propagation of the NL-10 specimen under i
conditionis observed iRig. 3. Obvious rubbed marks are ob-
i served irFig. 6(b) as indicated by arrows. The rubbed marks
1x10° 3 with flat surfaces must be caused by residual compressive
O const AK=27.9(MPam ) stresses. A tensile stress field will not promote the formation
® const AK=22.5(MPa+m of rubbed marks. Consequently, the presence of residual com-
10-510 is 30 5 30 2 pressive ;tresses ahead ofthe cracktip |sfurth¢rdemonstrated
Crack Length(mm) on the fatigue-fractured surface of NL-10 specimen. Accord-
ingly, the amount of rubbed marks on the fatigue-fractured

Fig. 5. Fatigue crack growth behaviour of NL-10 specimens tested under _surface IS greatly dec_reased as tie Increasing. For spec-
constantAK conditions. imens with lower residual compressive stress ahead of the
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perpendicular to LAZ, the residual tensile stress is found in
the LAZ, and the high residual compressive stress is also
obtained in the region ahead of the notch tip. Consequently,
the improved resistance to fatigue crack growth of the NL-
10 specimen preceding LAZ is attributed to the presence of
residual compressive stress field ahead of the crack tip. In con-
trast, the NL-SR specimen behaves the similar FCGR as the
base metal due to stress relief treatment of the laser-annealed
specimen. The residual compressive stress enhances the ef-
fect of crack closure, and leads to the formation of rubbed
marks on the fatigue-fractured surface. Whereas, the resid-
ual tensile stress field ahead of crack tip did not accelerate the
crack growth as the fatigue crack propagates into the LAZ. It
is concluded that a tensile stress field ahead of the crack tip
has less influence on the FCGR of the ductile 304SS.
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