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In this study, the fatigue strength of AISI 430—304 stainless steels welded by
CO, laser beam welding (LBW) is investigated. Laser welding experiments
are carried under helium atmosphere at 2000, 2250 and 2500 W welding
powers with 100 cm/min welding speed. The welding zones are examined by
optical microscopy, scanning electron microscopy, and energy dispersive
spectroscopy analysis. Fatigue tests are performed using an axial fatigue test
machine, and the fatigue strength is analysed drawing S—N curves and criti-
cally observing fatigue fracture surfaces of the tested samples. The experi-
mental results indicate that mechanical properties and microstructural fea-
tures are affected significantly by welding power. The fatigue strength of
CO, laser welded samples increase due to higher deep penetration in welding
zone with increasing welding power in chosen conditions. The best properties
are observed with the specimens welded at 2500 W heat input and 100
cm/min welding speed.

B it poboTi mocaimskeHO BTOMHY MillHiCTh HeipskaBiitHux crameir AISI 430—
304, 3Bapenux nmpomeneMm CO,-sasepa. EkcnepuMeHTH: 3 1a3epHOTO 3BapIOBaH-
HA BUKOHYBaJIcA B aTMocdepi rejito 3a mory:KHocTu 3BapioBaHHA y 2000,
2250 i 2500 Br iz mBuakicrtio 3BapioBaHa y 100 cm/xB. 30HM 3BapIOBAHHA
JOCTiIKyBaJINCS MEeTOJaMU OINTHUYHOI MiKpOCKOmii, CKaHiBHOI eleKTpOHHOI
MiKpocKoImil Ta eHeprogucnepciinoi cuekTpockomnii. lociifkeHHa Ha BTOMY
BUKOHYBAJINCS 3 BUKOPUCTAHHAM MAIIIWHU AJIs1 BUIPOOYBaHb HA BiCHY BTOMY,
a BTOMHA MiIHiCTb aHaIidyBajacsd IIAX0M H0o0yzoBu S—N-KPUBUX Ta KPUTHU-
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YHOTO CIIOCTEPEIKEHHSA IIOBEPXOHb BTOMHOT'O PYHHYBAaHHSA NOCJIiIMKEHUX 3pa3-
KiB. EKcniepuMeHTaNBbHI pesysbTaTy MOKAa3yIOTh, 1[0 MEXaHiYHI BJIACTUBOCTI
Ta MiKPOCTPYKTYPHiI 0COOJIMBOCTI 3HAUHO 3aJIeKaTh Bill IIOTYsKHOCTU 3BapIlo-
BaHHA. BromHa MinHicTs 3paskiB, 3Bapenux CO,-1a3epoM, 3pOCTa€e 3aBIAKU
30iIbIIIeHHIO MINOMHY IPOHVKHEHHA B 30HI 3BapIOBaHHA 3i 30i/JIbIIIeHHAM IO-
TYKHOCTH 3BapIOBaHHA 3a o0paHux ymoB. Halikpailili Ba1acTuBoCTi cmocrepira-
JUCA y 3pasKiB, 3BapeHUX 3a mifgsemenoi TemaoTu mpu 2500 BT Ta mBuaKocTu
3BapioBaHHA y 100 cM/XB.

B mannoii paboTe uccaenoBaHa YCTAJIOCTHASA IPOUYHOCTh HEPIKaBeIOINX CTaJIei
AISI 430-304, cBapenusix gyuom CO,-1aszepa. OKCIEPUMEHTHI IO JIa3ePHOH
CBapKe BBITIOJHAJINCH B aTMocdepe rejiua npu MolmHocTax ceapku 2000, 2250
u 2500 Bt u ckopoctu cBapku 100 cM/MuH. 30HBI CBAPKU UCCIEI0BAINCH Me-
TOJaMU ONTHUUYECKON MUKPOCKOINHU, CKAHUPYIOIIEH 3JIEKTPOHHOM MUKPOCKO-
TIUY ¥ 9HEePTOJUCIIEPCUOHHO CcrIeKTpocKonuu. McnbITaHUS HA YCTAIOCTh IIPO-
M3BOAMJINCH C MCIIOJB30BAHMEM MAIIWHBI IJA MCILITAHUI HA OCEBYIO yCTa-
JIOCTB, a YCTAJIOCTHAS IIPOYHOCTh aHAJM3UPOBAJIACEH IIYTEM IOCTpoeHusA S—N-
KPUBBIX ¥ KPUTHUUECKOT0 HAOII0[eHNA TOBEPXHOCTEl YCTAJIOCTHOTO pPa3pyIie-
HUSA MCCJEJOBAaHHBIX 00Pas3IloB. OKCIIePUMEHTAJIbHBIE PE3yJIbTAThl IIOKAa3hIBA-
0T, YTO MEeXaHUYeCKNe CBOMCTBA U MUKPOCTPYKTYPHbIE OCOOEHHOCTH 3HAUM-
TEJbHO 3aBHUCAT OT MOIIHOCTY CBAPKHU. YCTaJOCTHAs MIPOYHOCTH 00pPAasIoB,
ceapeHHBIX CO,-s1as3epoM, Bo3pacTaeT 0jarofgaps yBeJIUUYEHUIO MNIYOUMHEBI IIPO-
HUKHOBEHUS B 30HE CBADKU C yBeJIWYEHUEM MOIIHOCTUA CBAPKU IIPU BHIOpaH-
HBIX ycJoBUAX. Hammyure cBoiicTBa HAOIIOAANNCEh Y 00Pa3IloB, CBAPEHHBIX
mpu mogBogumoii Temiote ¢ 2500 BT u ckopocTu cBapku 100 cm/MuH.

Key words: fatigue strength, welding zone, stainless steels, AISI 430, AISI
304, CO, LBW.
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1.INTRODUCTION

Stainless steels are iron-base alloys containing 8—25% nickel and more
chromium than the 12% necessary to produce passivity but less than
30% . The steels resist both corrosion and high temperature. Stainless
steels can be divided into five types as ferritic, austenitic, martensitic,
duplex, and precipitation-hardening. Ferritic stainless steels are wide-
ly used due to the fact that their corrosion resistance is higher at room
temperature and they are much cheaper than the other stainless steels.
Ferritic stainless steels contain 16—30% Cr within their structures in
respect of addition of the alloy element. This type of the steel can be
shaped easily and resist atmospheric corrosion well and thanks to these
characteristics, it has a wide range of application in architecture, inte-
rior and exterior decoration, kitchen utensils, manufacturing of wash
boilers and drying machines, food industry, automotive industry, and
petrochemical and chemical industries[1-4].
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Austenitic-stainless steel is preferred more than other stainless-
steel types due to easiness in welding process. Then, some negative
metallurgic changes are taken into consideration in welding of the
steels. These are the following ones: delta ferrite phase, sigma phase,
stress-corrosion cracking, and chrome—carbide precipitate between
grain boundaries at 450—-850°C of Cr—Ni austenitic steels such as 18/8
joined by fusion welding in long waiting time. Stainless steels can gen-
erally be welded with all methods of fusion welding and solid state
welding. Out of the fusion welding methods, electric arc welding, sub-
merged arc welding, MIG, TIG, plasma welding, electron beam weld-
ing, resistance welding, and laser welding, etc. are widely used. In the
fusion welding methods for joining stainless steel, brittle intermetallic
compounds phases are produced in the fusion zone, which reduce the
strength of the welding joint. However, in the LBW joining of stain-
less steel, because these phases are reduced, it improves the perfor-
mance of the stainless steel joint [5—10].

Laser beam welding, using laser beam of high energy density as a
heat source, is a highly efficient and precise welding method. It has
some excellences, such as high energy density, focalization, deep pene-
tration, high efficiency and strong applicability, and it is widely ap-
plied to welding zone requiring the high precision and high quality,
including aviation and space flights, automobile, microelectronics,
light industry, medical treatment and nuclear industry. As laser beam
welding is a fast but unbalanced heat-circulation process, larger tem-
perature degrees appear around the weld, therefore the residual stress
and deformation of different extent can also appear in the post welding
structure. All of these phenomena become important factors, influenc-
ing the quality of welding structure and the usable capability. Under-
standing the thermal process of welding is crucial to analyse the me-
chanical welding structure and microstructure as well as controlling of
welding quality [11-14].

Fatigue is progressive localized permanent structural change that
occurs in a material subjected to repeated or fluctuating strains at
stresses having a maximum value less than the tensile strength of the
material. It has been estimated that 90% of the failures, which occur
in engineering components, can be attributed to fatigue and high por-
tion of the fatigue failures are associated with a weldment with stress
concentrations and possible weld defects [15]. Fatigue affecting fac-
tors are the following: material type, the effects of composition and
structure, the effects of surface properties, the effect of the notch, the
effects of strains, the effect of the corrosion, the effect of the working
environment, construction and montage errors, the effect of tempera-
ture, the effect of frequency (test speed), and dimensional factors.
Stresses, to be applied to parts during operation, may be different in
type and severity. Depending on the type of stress, there are four main
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types of fatigue test species. They are axial, bending, torsion and com-
pound fatigue tests. Fatigue, crack initiation, crack propagation and
breakage occur in three stages. Fatigue does not cause a significant
plastic deformation of the material. Fatigue cracks occur in such plac-
es, where stress concentration, sharp edges, scratches, nicks and cor-
rosion and fatigue move at certain speeds and cause the failure of ma-
terial. Therefore, the design of parts working under dynamic loads
should avoid sharp edges, which cause stress concentration and notch-
es. In addition, the polished surfaces of components exposed to cyclic
loading can extend fatigue life [16—18].

In order to optimize welding conditions for materials with different
properties or advanced materials, experimental investigations are still
required. Along with a great deal of researches devoted to the weldabil-
ity of dissimilar materials and properties estimation for welding pro-
cess, the further investigation on practical applications of failure is
also becoming considerably important and urgent. It is well known that
the majority of failures that occur in the structures are caused by fa-
tigue failure in weldments due to fatigue type of loading experienced
by the structures [19]. Very few studies have been carried out to evalu-
ate the fatigue properties of AISI 430 ferritic stainless steel weld [20].
The fatigue process and its mechanism are largely influenced by the
presence of material non-homogeneities. It has been found by several
researchers that generally fatigue cracks originate either in the heat
affected zone or in the weld materials due to fatigue loading and could
be the potential source of catastrophic failures in some unfortunate
situations [21].

Curcio et al. [22] analysed the parameters of various materials at
laser welding and reported that welding power, welding speed, shield-
ing gas, gas nozzle, and the process of focusing were among these pa-
rameters. Zambon et al. [23] analysed the microstructure and tensile
stages of AISI 904L super austenitic stainless steel during CO, laser
welding and reported that there was a decrease in flow resistance and
detach tensile and depending on this there was an increase in hardness
value because of rapid cooling of the fusion zone during welding. Ber-
trand et al. [24] analysed the Nd:YAG laser welding parameters of the
stainless steel and reported that laser power was 600—-2700 W and the
welding speed was 3—10 m/min and flow speed of the shielding gas was
similar to the surface contamination or it changed depending on vari-
ous surface tensions. El-Batahgy [25] analysed the effects of austenitic
stainless steels on surface of hardness and fusion zone of laser welding
parameters and reported that penetration increased depending on the
increased welding power and welding speed, there was not a significant
difference between helium and argon shielding gases, and mechanical
features (tension, hardness, bending) and fusion zone were not affect-
ed by heat input at room temperature. Ghani et al. [26] analysed the
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microstructural characteristics of low carbon steels on Nd:YAG laser
welding and reported that depending on the increased energy input and
process speed, the hardness value of the material at welding zone also
increased. Vural et al. [27] analysed the effect of welding nugget diam-
eter on the fatigue strength of the resistance spot welded joints of dif-
ferent steel sheets and reported that galvanized steel sheet combina-
tion has the highest fatigue limit and crack growth rate of the spot
welded galvanized AISI 304 joining type is slower than that of base
metals given in literature. C and m coefficients of Paris—Erdogan
equation for spot welded AISI 304 galvanized steel sheet joints were
obtained. Yuri et al. [28] analysed the effect of welding structure on
high-cycle and low cycle fatigue properties for MIG welded A5083 al-
uminium alloys at cryogenic temperatures and reported that in the
high-cycle fatigue tests the ratios of 10° fatigue strength to tensile
strength for A5183 weld metals were slightly lower than A5083, in the
low-cycle fatigue tests fatigue lives for A5183 weld metals were slight-
ly shorter than those for A5083. Jang et al. [29] analysed the effects of
microstructure and residual stress on fatigue crack growth of stainless
steel narrow gap welds and reported that the fatigue crack growth rate
depended on both dendrite alignment and residual stress distribution
in the weld, so the fatigue crack growth rates were the highest near the
boundary between the inner weld deposit and the outer weld deposit,
where the dendrites were well aligned and the high tensile residual
stress existed. Taban et al. [30] analysed the laser welding of modified
12% Cr stainless steel, regarding strength, fatigue, toughness, micro-
structure, and corrosion properties, and reported that fatigue behav-
iour of clean 1.4003 ferritic stainless steel weld is excellent provided
weld defects are omitted and all excess of weld metal is removed appro-
priately or at least the transition from weld to base metal is suitably
smoothened. Under these conditions, the fatigue strength of butt
welds is comparable with that of the base metal. The major withdrawal
of the stainless steel is the tendency to grain coarsening at the HTHAZ.

In this study, the fatigue strength of AISI 430—304 stainless steels
welded by CO, laser beam welding is investigated.

2. EXPERIMENTAL

ATSI 430 steels comprise approximately one-half of the SAE-AISI type
400 series stainless steels. They are known with their excellent stress
corrosion cracking resistance and good resistance to pitting and crev-
ice corrosion in chlorine environments. Welding is known to reduce
toughness, ductility and corrosion resistance because of the grain
coarsening and carbide precipitations. The grain size gradually in-
creases from the edge of Heat Effected Zone (HAZ) to the fusion
boundary. Welding of 400 series usually requires preheat and post-
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weld heat treatment to minimize stress that can lead to cracking [31].
AITSI 304 steels comprise approximately one-half of the SAE-AISI type
300 series stainless steels. They are known with their excellent stress
corrosion cracking resistance and good resistance to pitting and crev-
ice corrosion in chlorine environments. Austenitic-stainless steel is
preferred more than other stainless-steel types due to easiness in weld-
ing process. Then, some negative metallurgic changes are taken into
consideration in welding of the steels. These are delta ferrite phase,
sigma phase, stress-corrosion cracking, chrome-carbide precipitate
between grain boundaries at 450—-850°C of Cr—Ni austenitic steels such
as 18/8 joined by fusion welding in long waiting time. Welding of 300
series usually requires preheat and post-weld heat treatment to mini-
mize stress that can lead to cracking [32, 33]. The chemical composi-
tions, mechanical properties and physical properties of both steels are
given in Tables 1, 2, and 3, respectively.

Steel plates to be joined were cut at 45x90x4 mm? dimensions. 45
mm width is selected to achieve the standard length of 90 mm fatigue

TABLE 1. Chemical composition of AISI 430 ferritic stainless steel and AISI
304 austenitic stainless steel.

Weight (% ) Composition
Materials| Fe | C | si | Mo | P | 8 | or | Ni
AISI430 Balance 0.055 0.045 0.420 0.031 0.008 17.0 -
AISI304 Balance 0.08 1.00 2.00 0.045 0.03 20.0 10.0

TABLE 2. Mechanical properties of AISI 430 ferritic stainless steel and AISI
304 austenitic stainless steel.

Materials Tensile Strength,| Yield Strength |Elongation,| Microhardness
MPa 0.2% (MPa) % (Rockwell B')

AISI 430 527 316 30 170

AISI 304 590 295 55 130-180

TABLE 3. Physical properties of AISI 430 ferritic stainless steel and AISI 304
austenitic stainless steel: oo—thermal expansion coefficient (20—800°C), A—
thermal conductivity (20°C), Q—electrical resistance (20°C), E—elastic mod-
ulus (20°C).

Materials | 0,10° | A, W/m°C) | @,nQm | E,kN/mm?
AISI 430 13 24 600 225
ATSI 304 20 15 700 200
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Fig. 1. Schematic illustration of LBW [20].

test piece. The laser welding experiments were carried under helium
atmosphere with Trumpf Lazercell 1005 laser welding machine at
2000, 2250 and 2500 W heat inputs, 100 cm/min welding speed.
Schematic illustration of LBW is given in Fig. 1[20].

The Laser Beam Welding was carried out under helium atmosphere,
2000, 2250 and 2500 W different heat inputs and 100 cm/min con-
stant welding speed. The welded specimens were cut perpendicularly to
the welding zone for post evaluations of weld integrity. After the pro-
cess, the samples were ground to an 80-1200-grit and etched by polish-
ing them with 0.3 um Al,O; diamond paste and aqua region, respective-
ly. For microstructural examination, AISI 430 material was etched
electrolytically in a solution of 30% HCI + 10% HNO; + 30% H,O0 solu-
tion and AISI 304 material was etched electrolytically in a solution of
50% HNO; + 50% H,0O solution. Then, the microstructures of welds
were studied by means of scanning electron microscopy (SEM)
equipped with energy depressive spectrometer (EDS). XRD analysis
was performed to identify the structural phases.

Bending fatigue tests were conducted using a sinusoidal load of fre-
quency 50 Hz and load ratio R = -1, at room temperature, considering
as fatigue strength (Fig. 2). Six groups of fatigue specimens were pre-
pared to obtain S—N curves. The welded interface was then cut longi-
tudinally for investigation of the structural properties (Fig. 3). Frac-
tography was also employed in evaluation of the fractured fatigue
specimens.

3. RESULTS AND DISCUSSIONS
3.1. Microstructure

SEM images of welded joints under helium atmosphere at 2000, 2250
and 2500 W heat inputs and at 100 cm/min constant welding speeds
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Fig. 2. Schematic illustration of fatigue test apparatus [34].

are presented in Figs. 4, a—c, respectively. Grain coarsening was ob-
served at HAZ at both sides of weld interface and fine cracks were no
traced at AISI 430 ferritic stainless and AISI 304 austenitic stainless
steel side. Naturally, the area of weld (width) and heat-affected zone
have increased at increased powers because of high heat input at weld
seam. Similar results were achieved at the research of Karaaslan et al.
and Konig et al.[31, 36].

It was determined that in the joint of AISI 430 ferritic stainless and
AISI 304 austenitic stainless steel samples with laser beam welding at
2500W welding power, at 100 cm/min welding speed, and under heli-
um shielding gas atmospheres, the penetration was completed and
blanks or porosities in the weld were not observed. A homogeneous dis-
persion with small grains beginning from the zone with coarse grains
on both sides appropriate for the original structure of the materials
was also observed. Grain coarsening was observed at HAZ at both sides

18

3
30 30
1 f

90

Fig. 3. Shape and measurement of the fatigue test specimens [35].



THE FATIGUE STRENGTH OF AISI 430—304 STEELS WELDED BY CO, LASER BEAM 847

Welding Zone

Fig. 4. SEM images of welded samples joined at heat input: 2000 W (a), 2250
W (b), and 2500 W (c).

of weld interface at AISI 430 ferritic and AISI 304 austenitic stainless
steels side at = 200—-300 um distances. In general, coefficient of ther-
mal expansion of austenitic stainless steel is higher than that of ferrit-
ic stainless steel. Therefore, on both sides of the welding seam, there
was no a specific grain hypertrophy, deformation and crack formation
on the main materials. The SEM photographs indicate that microstruc-
tural features are affected significantly by welding power. The best
properties were observed at the specimens welded at 2500 W heat input
and at 100 cm/min welding speed.

3.2. Fatigue Test

Fatigue fractures, plastic deformation, tensile stress and fatigue cy-
cled stresses also occur by the action. Therefore, as to avoid the occur-
rence of these three factors, fatigue cracks will not occur. Under a giv-
en applied stress amplitude cycles, the initiation of cracks in the mate-
rial deformation and the tensile stress occurring in intermittent
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Fig. 5. Fatigue test results for welded joints.

Fig. 6. Micrographs of the fatigue fracture surfaces of the specimens observed
by SEM: 2000 W (a), 2250 W (b), 2500 W (c).

treatment is effective in the progression of cracks. Therefore, one of
the main factors affecting fatigue mechanism is plastic deformation.
Figure 5 shows fatigue test results for laser beam welded joints. Ac-
cording to the fatigue test results, the fatigue endurance increased
with increasing the welding power. AISI 430—-304/2500W joint exhib-
ited better fatigue data from other welded joint types. Fatigue test was
conducted under yield stresses.

3.3. Fractography

Plastic deformation detected in the specimens after the welding was
not observed. This behaviour can also be seen in the micrographs of the
fractured surfaces (Figs. 6, a—c). At fatigue strength tests, fractures
were observed at AISI 430 side close to interface. After welding, it is
seen that fatigue endurance can be increased with increasing the weld-
ing power, mainly in brittle fracture manner because AISI 430 steel is
a brittle steel (Figs. 6, a—c). Under given conditions (2000, 2250 and
2500 W heat inputs, 100 cm/min welding speed) fatigue strengths
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were close to parent material, and slightly increased at increased weld-
ing powers.

This can be explained with the increased heat input. The diffusion of
carbon to AISI 430 side causes to the formation of chromium carbide
precipitation at the grain boundaries, which are known to be deleteri-
ous to the fatigue life of material. The carbides at the grain boundaries
provide preferential sites for cavity nucleation in ferritic stainless
steels under fatigue conditions, thereby reducing the fatigue life [5,
20].

3.4. EDS Analysis

In the EDS analysis, in the 200 um distance, from AISI 304 austenitic
stainless steel to AISI 430 ferritic stainless steel 16% Chromium,
1.5% Carbon and 1% Nickel diffusion, the equal distance occurred
from AISI 430 steel to AISI 304 steel chromium and carbon diffusion.
As carbon is an interstitial element, stainless steel side will diffuse
more easily. It is seen that chromium-nickel diffusion can be de-
creased by decreasing the welding power (Fig. 7).

In the XRD analysis, like Fe, Ni-Cr—Fe, Fe—Cr—Co—Ni—Mo—W and
Cr,Feqs Mo, 1Ni, 3Si, s phases were determined (Fig. 8). Intermetallic
phase like Cr,3C4 (chromium carbur), -ferrite and sigma were not ob-
served.

4. CONCLUSIONS

In this study, the fatigue strength of AISI 430—-304 stainless steels
welded by CO, laser beam welding was investigated. The following re-
sults were obtained.

— AISI 430 ferritic stainless steel can be joined with AISI 304 aus-
tenitic stainless steel by laser welding process using helium atmos-
phere, at 2000, 2250 and 2500 W heat inputs, and 100 cm/min con-
stant welding speed.

— At fatigue tests, fractures were observed close to AISI 430 side.
After welding, it was seen that fatigue endurance decreased due to the
decreasing of the welding power. This is caused by the fact that AISI
430 is brittle steel. However, fatigue endurance increased due to the
increasing the heat input.

— The fatigue strength increases due to higher deep penetration with
increasing welding power. The best properties were observed at the
specimens welded at 2500 W heat input and at 100 cm/min welding
speed.

— It was determined that the fusion zone was on average =1000—
1800 ym in width, the deep penetration was on average = 1300-2000
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Fig. 7. EDS Analysis of AISI 430/304 (2500—100) sample.

pm in depth.

— Coefficient of thermal expansion of austenitic stainless steel is
higher than that of ferritic stainless steel. Therefore, on both sides of
the welding seam, there was no specific grain hypertrophy, defor-
mation and crack formation on the main materials. The best properties
in terms of microstructure were observed at the specimen bonded at
2500 W heat input, at 100 cm/min. welding speed and helium shield-
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Fig. 8. XRD Analysis of AISI 430/304 (2500—-100—Helium) sample.

ing gas.

— In the EDS analysis, in the 200 um distance from AISI 304 austen-
itic stainless steel to AISI 430 ferritic stainless steel 16% chromium,
1.5% carbon and 1% Nickel diffusion, the equal distance occurred
from AISI 430 steel to AISI 304 steel chromium and carbon diffusion.
As carbon is an interstitial element, stainless steel side will diffuse
more easily. It is seen that chromium-—nickel diffusion can be de-
creased by decreasing the welding power.

— In the XRD analysis, like Fe, Ni-Cr—Fe, Fe—Cr—Co—Ni—Mo—W,
and Cr,Feq Mo, Ni; 5Si, ; phases were determined (Fig. 8). Intermetal-
lic phase like Cry3;Cq (chromium carbur), d-ferrite and sigma were not
observed.
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