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Abstract The mechanical properties of laser welded jointsvelded joint which may be applied for the impact loading
under impact loadings such as explosion and car crash etran be obtained by reducing the laser power density in the

are critical for the engineering designs. The hardnesgase of welding quality assurance.

static and dynamic mechanical properties of AlSI304 and

AISI316L dissimilar stainless steel welded joints by £O Keywords Laser welding Dynamic mechanicsStrain rate
laser were experimentally studied. The dynamic strain—power density

stress curves at the strain rate arounélst® were obtained

by the split Hopkinson tensile bar (SHTB). The static me-;
chanical properties of the welded joints have little changes
with the laser power density and all fracture occurs at 316 L

Introduction

side. However, the strain rate sensitivity has a strong depefU€ 10 its excellent mechanical properties, superior corro-

dence on laser power density. The value of strain rate fa

sion resistance, and the ease with which it may be formed

tor decreases with the increase of laser power density. Tﬁ@d welded, austenitic stainless steel has been widely used as

structural materials throughout the automotive and chemical
industries and within nuclear power plants [1-5]. In practical
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ten used. Stainless steel components can be joined by means
of a variety of welding methods, among which laser welding
has drawn particular attention due to its high welding speed,
narrow heat fiected zone, low residual stress and small dis-
tortion of welded materials [6-8]. In automotive and defense
applications, the structures with welded joints are often sub-
jected to high strain rate deformation in service such as car
crash, explosion and the impact of foreign objects. There-
fore, the design of the structure consisting of these welded
components calls for a detailed understanding of the me-
chanical properties of these weldments, especially the dy-
namic mechanical behavior. Many researches had been car-
ried out concerning mechanical properties of stainless steel
and their welded joints. Bayraktar et al. [9-11] developed
the impact tensile testing technique to study the impact re-
sistance of laser welded thin sheets dfatient steel grades

at different temperatures. The resulted dugtifiitle temper-
ature diagram allows explaining pure damage mechanism of
the each part of the welded components in the case of the
crash. They also obtained the dynamic fracture energy at the
strain rate 250%. Xu and Li [12] studied the dynamic com-
pression behavior of the base metal and the weld metal for
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the welded joints of 0Cr18Nil0Ti austenitic stainless steel byo fix the stainless steel sheet (as shown in Fig. 1). Five laser
using a Hopkinson pressure bar system. However, little worlwelding processes with flierent laser power densities were
has been reported with regard to dynamic tensile behavior afirried out as shown in Table 3. The laser power der3ity
laser welded joints of austenitic stainless steel. Split Hopkinis defined as

son pressuyeensile bar (SHAB) has been widely applied P

to obtain the dynamic tensile stress—strain curve of matd? = v_¢ )

rials at strain rates £810*s™ [13-16]. In this study, an ] ) ) )
improved split Hopkinson tensile bar (SHTB) device wasVNereP is the laser powew is the welding speed andlis
used to evaluate the dynamic mechanical properties of t{8€ diameter of the focused laser spot. By changing the de-
laser welded joints of 304 and 316 L stainless steel at strafiycus and welding speed, the laser power density varies from
rates 18s1. The dfects of laser power density on hardness,39'4_64'3 ke,

static and dynamic mechanical properties were studied. The

Johnson—-Cook models [17] are used to describe the exper- Table 1 Chemical composition of AISI304 and AISI316 L
imental stress—strain curves. The dependence of the strain
rate sensitivity of the plastic flow stress on laser welding pa-G@d¢ € Cr Ni  MnP S Mo Si
rameters is reported, which would provide useful informa- AISI304 0.07 17-19 8-10 2.0 0.035 0.030 0 0.1

tion for the engineering design of the structure consisting of A|SI316 L 0.03 16-18 12-16 2.0 0.030 0.030 1.8-2.5 0.1
laser welded joints.

2 Experiment Compression
Bolts .
. . . . Stainless steel sheet = m‘/
Sheet materials of a 304 stainless steel 0Cr18Ni9 (2mm in . — S
thickness) and a 316 L stainless steel 0Cr17Nil4Mo2 (2 mm & 7 77 7 Al

in thickness) were selected as the base materials for laser \y
welding. The chemical composition and static mechanical .
properties of sheet materials are shown in Tables 1 and 2, )},«%—//‘uy’\
respectively. A diusion cooled slab 3.5 kW CQaser was

used to weld the joint. The laser beam with Gaussian mode =¥

(K = 0.95) and a wavelength of 10u6n was used. The laser
beam was focused by using a copper mirror of a focus length

300 mm. The welding area is shielded with He gas at a flowig. 1 A fixture used to fix the stainless steel sheet during laser
rate of 10 I/min. To avoid the distortion, a fixture was usedwelding

Lateral loader
Bottom plate

Table 2 Static mechanic properties of AISI304 and AISI316 L

Grade Elastic moduly&Pa Yield strengitMPa UTSMPa Elongatiof®o
AlSI304 205 246 630 67
AISI316L 205 234 551 58

Table 3 Laser welding parameters

No. Laser powgkW Defocugmm  Welding speem-s™*) Spot diametgnm  Power densitykW-cm2)

1 3.5 -2 3.0 272 42.9
2 3.5 -3 3.0 296 39.4
3 3.5 -2 2.0 272 64.3
4 3.0 -2 2.0 272 55.1
5 3.0 -2 2.5 272 51.4

The microstructure was investigated by using a POLYsolution of 3 parts HCI and 1 part HNGor approximately
VAR metallographic microscope. Prior to observation, thel5s.

specimens were sectioned and ground and then etched in a ) _ _ )
In order to identify the possibleffects of microstruc-
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ture heterogeneities both in the weld bead and in the base a 25 16
metal, microhardness surveys were carried out by using a ﬁ , f ]
Zwick Vickers hardness tester at 100 g load for 20 s. The mi- 7 T v
crohardness tests were performed on the sectional surface of = 0y
the weldment. | 0~ .
The quasi-static uniaxial tensile experiment was car- 74
ried out by using an MTS810 system with a 25 kN load cell. Wi g
The strain was measured by an extensometer and the gauge '
length is initially 10 mm. The strain rate during tensile exper- ) ~ '
iments is 103 s™1. The dynamic mechanical properties of the E— %ﬂ% Z - . 7z7iw - £§
laser welded joints were investigated at strain ratess10 N | — Lg NN

with an improved SHTB device. Figure 2 shows a schematic 8
representation of the specimen and their dimensions for both
the static and dynamic tests. The dynamic tensile speciméitg- 2 The dimensions of tensile specimen (mm)Static tensile;
had a special design to fit the SHTB slot in the elastic inpup Pynamic tensile
and output bar. The gauge region consists of a weld bead
sandwiched by base metals. The tensile test was performed
to be perpendicular to the direction of the weld bead. The
tensile specimen was firstly cut from the weldment, and thed Results and discussion
ground and polished to remove materials from the front and
back surfaces to ensure that the welded bead has a relatively o
uniform width in the thickness direction. 3.1 Microstructural characteristics
For the dynamic tensile test, based on the one dimen-
sion stress wave theory, the average strain, strain rate ahfie microstructure of specimen No.5 is shown in Fig. 3. The
stress can be calculated from Egs. (2)—(4) with strain sighterface between the 304 base metal and the weld metal is

nals which were derived from the strain gauges located &hown in Fig. 3a. Close to the fusion boundary, the 304 re-

the elastic input and output bar, where gion consisted of a narrow zong @0um) of fine dendrites
C of ferrite and austenite. The weld metal close to this fusion
elt) = TO(S' (t) — er(t) — er(t)), (2) boundary had a cellular structure while the weld metal at the
- 316 L side has worn-like structure as depicted in Figs. 3a and
e(t) = Lo f (51(8) — sr(t) — er (D), 3) .3b. The mlcrostructure feature of the'weld metal, observed
L Jo in the regions about 2Qan from the fusion boundary of 304
AE and 316 L sides, is shown in Fig. 3c. It could be noticed that
o(t) = E(gl (t) + &r(t) + &1 (1)). (4)  ferrite content decreases from 304 to 316 L side.
a
| ":A: b ¢ . t.\;.
“‘J& TR S nane
SR RS SE et 11 R
WX '\;\NF s HARNY VIS R B B
QBRSSP R TR - (e CERHEUR NG TS 8

Fig. 3 aMicrostructure of the 304 sidé; Microstructure of the welded zoneMicrostructure of the 316 L side

3.2 Microhardness sults showed that the hardness of the welded zone was in
between that of 316 L and 304 base materials. The value had

Microhardness tests were performed on the polished seB0 Obvious variation at the heaffect zone. The compara-

tional surface of the laser welded zone by using a load dfve hardness profile for the measurements along the welded

100 g, which is applied for duration of 20s. The Compararegion is ghown in Fig. 5. It can be seen that _the hardness
tive hardness profile for the test across the weld zone froigradually increases from the front surface (region A) to the

316 L to 304 base materials is presented in Fig. 4. The rdack surface (region B). In the case of carbon and low al-
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loy steels, the formations of bainite or martensitic phases in 213
the weld zone promote an increase of hardness. Grain re- 5]
finement and precipitation occurring during rapid solidifica- 1
tion of the weld zone usually cause an increase in hardness. _ 207'_
Region B being exposed to the cool air directly was cooled Z 204
more quickly than region A being contacted with the laser. 2 201 4
This causes smaller grain size in region B than that in region £ ;
A, which is consistent with the hardness measurements. 5 1984
195
192 -
340- I I I I 189 - T T T T T T
320 I || 35 40 45 50 55 60 65
300_' 3161 : | Wekled z0nc | | 304 Power density/(kW-cm™>)
] | . - -
250 1Az | | HAZ i Fig. 6 The dtect of laser power density on average hardness of the
E weld zone
3 260 ] ]
Q
g 240 4 || | 3.3 Static tensile tests
= 220 | |/
] / 4 The static tensile strain-stress curve of welded joints is
200 4 shown in Fig. 7. The static yield strength, ultimate tension
]80_‘ stress (UTS) and elongation of the welded joints were around
] 350 MPa, 700 MPa and 47%, respectively. The fracture lo-
160 “—— —T T T T T T T cation was near the welded zone and at the 316 L side which

T T
1 2 3 4 5 6 7 8 9 10 1

" has relative poor mechanical properties. The welded joints
Position number

also inherited the fine plasticity of the base materials that is

Fig. 4 The horizontal hardness of the welded joints desired for the engineering designing.

800
700 |
600
§ 500 '
E 300 %’ 400 i
% 280 Z 300+
[=1 L
E 2607 200 F
T 2404 A
220 100
200 0 .
180 - 0.6
160 4 Strain
140 LI LA B B R B LA B B B

Fig. 7 The static stress—strain curve of various welding parameters
1 2 3 4 5 6 7 8 9 10

Position number

3.4 Dynamic tensile tests
Fig. 5 The vertical hardness of the welded joints

By using the SHTB device, the dynamic tensile tests of the

welded joints were carried out at strain rate$ §¢. Some

Figure 6 showed theffect of laser power density on the specimen were broken after the test, the fracture are all lo-

average hardness which was defined as the arithmetic avegted at the 316 L side as the same as the static tensile test.
age hardness value of all the tested pOintS in the weld Z0N¢he dynamic y|e|d Strength and UTS folff@dirent laser weld-
With the increase of laser power density, the average harghg parameters are shown in Table 4. It showed that the
ness raised gradually. This indicated that finer grain couldlield strength of the welded joints under dynamic loading
be obtained by elevating the input heat in unit time and are@ad higher value than that of static tests. The UTS did not
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change until the strain rate reached 1600 s bar rather than the real mechanical response of welded joints
themselves. Moreover, the stress non-uniformity because of
Table 4 Dynamic mechanical properties of the welded joints  reflection of the stress wave at initial deformation stage may
be reinforced by the SHTB slot. So, the Young’s modulus
os (UTSYMPa . ) .

_ . : _ can not be captured exactly in this experiment. To further
Static  £=1200s' 5=1600s' &=1950s"  gy,dy the fect of strain rates on the average flow stress for
342(706) 459 (693) 477(734) 498 (962) different welding parameters, Johnson—Cook model is ap-
354(674) 510(660) 540 (707) 613(816) plied here to fit the dynamic strain—stress curve of welded

341(669) 428(674)  470(710)  589(795)  loints
341(663) 580(663)  560(754)  540(726) o = (A+Be")(1+ClIné), 5)
333(664) 450(650)  480(650)  520(721)

No.

ga b~ W N P

whereA, B andn are static mechanical parameters which can
be derived from the static strain—stress curse.="g/&g IS

Typical dynamic stress—strain curves are shown ihe dimensionless strain rate, = 1/s, C is the strain rate
Fig. 8. It is worth noting that the waveness in the dynamidardening parameters. The fitting results are also included in
strain—stress curve is caused by the stress wave reflectionf@- 8, the variation caused by stress wave propagation was
the connection interface between specimen and the elastitostly removed from the dynamic strain—stress curve.

b 1100
2 1200 1000;
1100 e 900 - B e
1000 - E
900 oy
800 | 005
[~ o 4
S 700 S 600
% 6004 2 ] 2000 s*
§ 500 — (,g\ 200 1 —1750) Z"
& 400 — 1600 - Al 1250 5
] — 1500" 300 Static
300 —— Static ,700_' — — -2000 s fitting
2004 - — = 1500 s fitting = — — - 1750 5" fitting
100 = = = 1600 s fitting 100'_ — — - 1250 s fitting
0 - — = 1950 5! fitting e
e e e e e e e e e % 0 % 0 % 0 % 0 % 0 v 0 % 50 % 5 v
0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30 0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30
Strain Strain

Fig. 8 The dynamic stress—strain curveaNo.2;b No.4

The strain rate factgs is often used to characterize the density, strain rate weakening appears at the initial deforma-
strain rate sensitivity of the plastic flow stress [20], which istion stage, and minor strain rate hardening does not occur
carried out to measure théfect of the strain rate of various until the strain reached 9%. Strain rate weakening exists in
welded joints,

do o — 01 30

= dlne  In(&x/e1)’ ©) o ~®
whereo; and o, are plastic flow stresses of the uniform 237 »,,,,««"”‘//J///’

strain state at various strain rates and ,, respectively. /,;;gii//'/

Figure 9 shows the strain rate facfpiof different welding 207 v o
parameters at the same strain level 3%, 6%, 9%, 12% and « = . A No3
15%. It shows that the value gthad an upward trend as the 5 a® e E"‘S‘
strain increases. This indicates that the welded joint is more . ‘ ¢
sensitive to the strain rate at larger strain. However, there 0‘_ Y . AR AR v

were diferences irB for different welding parameters. For _5 x e

specimens No.1 and No.2, it varies between 20-30 while for o

specimens No.3 and No.5, it varies betwe&r'5. Itimplied —10-+—= ' ' ' ' '
that the joint with low laser power density has higher strain 0.03 006 0.09 9-12 0.15 018
rate sensitivity and is able to endure higher plastic flow stress Strain

at elevated strain rates. For the joint with high laser poweFig. 9 Theg of the welded joints at dierent deformation stage

@ Springer
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any stage of deformation of specimen No.4, which is desired
for high strain rate conditions. 2

The dependence of average valuesgodn the laser

power density is shown in Fig. 10. It was found that laser

power density had significanffect on the strain rate factor.

3

Average values g8 has a decreasing trend with the increase
of power density except a slightincrease at the tail. It seemed
that there is a sharp transition from strain rate hardening tos
weakening around laser power density of 45/kW?. It can

be inferred that, in the case of welding quality assurance, the
ability of welded joints to withstand impact loading can be

improved by reducing the laser welding power density.

5

25
RN
1 | |
20
| 6
Q 154
S 7
5 10
>
< 4q
54 8
0‘ I\J./ 9
_5 T T T T T T
35 40 45 50 55 60 65

Power density/(kW-cm?)
10

Fig. 10 The efect of laser power density on avergge

11

4 Conclusions

The main conclusions are as follows:

(1)

(@)

3)
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