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The demands of thin sheets of austenitic stainless steel,
iron, nickel and Co-base high alloys increase gradually for
special condition with the development of high tech-
nology. One of the problems of welding these alloys is
weld hot cracking. As well known, the Varestraint test is
excellent for hot cracking, but is not useful to thin sheet
material. Moreover, the deformation rate in the Va-
restraint test is too high in some casesll’z), and thus is not
necessarily suitable for ductility-dip cracking test of Fe-
36%Ni alloy?. On the other hand, as well known, the
Houldcroft hot cracking test is useful well for the solidifi-
cation cracking of thin sheet material, but not for the
liquation-crack and the ductility-dip crack in HAZ and
weld metal reheated. Therefore, it is required to develop
a cracking test suitable for the different types of hot
cracking in thin sheet.

In this report, the authors have invented a new hot
cracking device suitable for thin sheet material, named
““Restraint-relaxation U-form hot cracking device”. This
device has the capability to deform specimen and to
measure deformation rate. According to the testing results
obtained, the U-form hot cracking device has been judged
suitable well to the different types of hot cracking test
in the thin sheet material.

Figure 1 shows the principle of the “Restraint-relaxa-
tion U-form hot cracking device”, which consists of one
restraint plate and two restraint beams taking the form of
letter U nearly. Testing procedure is: (a) At first, the two
restrajint beams are deformed by compressive force F;
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Fig. 1 Principle of Restraint-relaxation U-form hot
cracking device.

with C-clamp, for example, to produce initial deflection
d; at the top of the beams. Then, a specimen is fixed on
the top of the beams, by welding, for example. (b) After
that, the force F; is unloaded. As the result, the deflec-
tion d;, and tesile force Fj act to the specimen. Then, test
welding is done on the specimen. Since the strength of
specimen is lowered due to the heating by the test weld-
ing, tensile plastic deformation begins to be produced by

‘the tensile force F{. The tensile force and deflection gradu-

ally reduce together with the deformation of specimen.
That is to say, the restraint condition of the specimen is
gradually relaxed during the test welding, similarly to
most actual welding fabrication. This is the derivation of
“Restraint-relaxation U-form hot cracking device”. Here-
after, however, this name is generally abbreviated as “U-
form hot cracking device”. One of the advantages of this
device is that deformation rate can be easily measured
during the test welding by strain gauges stuck near the
root of the beam, because the longitudinal strain on any
position of the beam has a simple correlation with the
deflection at the top of the beams according to the beam
theory. The gradient of time-strain curve during the test
welding gives the deformation rate through the calibra-
tion from the strain to the deflection.

The actual configuration of the U-form hot cracking
device used and its general appearance are shown in Fig.
2 and Fig. 3(a), respectively. This is capable of biaxial
loading and is made of 80 kgf/mm? class high strength
steel because of its high yield strain. The relationship
between the deflection d of the beam and the strain e
at the position of strain gauge is given by next equation
according to the beam theory:

e =(3/4) (h't/h®)d (1)

where, t is the thickness of the restraint beam, and h'is the
distance from the top of the restraint beam to the strain
gauge. In Fig. 2, 't =20 mm,, and h' = 125 mm, and thus
Eq.(1) can be represented as:

e=5.1X 1044 ")
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Actual relation between d and € is compared with Eq. .L: s
(1") in Fig. 4, and it is seen that both agree well with each - \J -
other. The reason why the actual strain is somewhat
larger than the theoretical value is maybe due to the ef- (c) solidification cracking test
fect of reinforcement at the root of the beams. The right Fig. 5 Configuration of specimen used for U-form hot
ordinate in Fig. 4 gives the load calculated by the next cracking test.
theoretical equation: where, w is the width of the restraint beam and E is
F = (E/8) (wt*/h®)d . Q) Young’s modulus. It is understood that the capacity of
this device is about 20 kN.
=344 (kN) 2" The other characteristic of this device is that different
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restraint condition can be easily attained by varying h, Fig. 8(a) in relation to d;, and in Fig. 8(b) in relation to
t, w and E, namely material in Eqs. (1) and (2). mean deformation rate d when GTA torch passed the

It is desirable to fix the specimen on the device tightly, middle of the length of test welding. Both expressions
for example, by welding. If the specimen is fixed by weld- mean that an increase in weld heat input of either first
ing, however, it is impossible to use the device repeatedly. pass or second pass promotes the total crack length, but

Therefore, the specimen was welded to L-shaped steel
fixed on the device by bolts and nuts as shown in Fig.
2(c). Figure 3(b) shows the setting manner of the speci-

Cross-bead test with U-form hot cracking device
Welding conditions in 1lst and 2nd pass: 60A, 9-11V, 100mm/min

2500} €5 Welding for chucking of specimen a3
men on the device by C-clamp and welding, and Fig. 3(¢) K- N eyt 1}"“
shows the situation just before the test welding. P il I swrcofwersing %]
Types of hot cracking studied in this paper are reheat - <45

hot cracking as ductility-dip cracking in weld metal of Fe-
36%Ni alloy Invar2’3), commercially pure Ni and Inconel
alloy 600, liquation cracking in weld metal of Inconel
alloy 600 and AISI 3108, and solidification cracking of
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AISI 3108, 304 and 316L. Their specimen configurations so0f e ]
Time when GTA torch passed

are shown in Fig. § together with tensile direction (F). the middle of wela 15"9"{”\.{{; e

The specimen in Fig. 5(a) where the tensile direction was ° T tine )

perpendicular to the first pass bead made in advance was Fig. 6 An example of behavior of strain and deflection

used to reheat hot cracking and the liquation cracking. during test welding.

The specimen in Fig. 5(b) was used to check the effect of
biaxial loading on the reheat hot cracking. The specimen
in Fig. 5(c) where the tensile direction was perpendicular
to the test welding was used to the solidification cracking.

Figure 6 shows an example of the behavior of strain e
and thus deflection d during test welding. Both € and d
gradually decrease during the test weldmg, and the slope
of d gives the deformation rated d.

Figure 7 shows the macroscopic behavior of reheat hot
cracking in the weld metal of Fe-36%Ni alloy Invar.in rela-
tion to initial deflection d;, and this behavior agrees with
the result obtained by the dynamic observation technique
with tensile hot cracking machine?.

(a) Initial de:

(c) Initial deflection dj: 3.0mm (d) Initial deflection dg: 4.0mm .

Fig. 7 Macroscopic behavior of reheat hot cracking in weld

The effect of weld heat input on the total length of matel of Invar in . cross-bead cracking test under
reheat hot cracking in the weld metal of Invar is shown in different initial deflections with U-form hot cracking
device.
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(a) Effect of heat input on total length (b) Effect of heat input on total length

of reheat cracks vs. initial deflection of reheat hot cracks vs. mean defor-
in cross-bead cracking test with U- mation rate in cross-bead cracking
form hot cracking device test with U-form hot cracking device

Fig. 8 Effect of heat input on total length of reheat hot crack in weld metal of Invar.
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Effect of loading direction on total crack length
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Fig. 9 Effect of biaxial loading on totai length of
reheat hot crack in weld metal of Invar.
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Fig. 10 Macrostructure of weld bead in austenitic stainless
steels after solidification cracking test.

Fig. 8(b) suggests clearly that the effect of the first
pass is stronger than that of the second pass. In this
sense, it is valuable to be able to evaluate the deformation
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(@) dj: 1.0mm, d: 0.018mm/sec

(b) di: 2.0mm, d: 0.026mm/sec

3.0mm, d 0.046mm/sec
100mm/min)

(c) dj:
SUS316L (50A,

Fig. 11 Effect of initial deflection d;j on cracking behavior
of AISI 316L in solidification cracking test.

rate.

Effect of biaxial loading is compared with monoaxial
loading in Fig. 9. This means that the biaxial loading pro-
motes the reheat hot cracking in the weld metal of Fe-
36%Ni alloy.

The U-form hot cracking device was useful to the study
of the liquation crack. For example, testing results using
the specimen shown in Fig. 5(a) showed that the weld
metal of AISI 310S and Inconel alloy 600 was susceptible
to the liquation crack.

Furthermore, the applicability of the U-form hot crack-
ing device to the solidification cracking was examined.
Figure 10 compares the macrostructure after the testing
under the same initial deflection d; between AISI 304 and
430 insusceptible to the cracking and 3108 susceptible to
the cracking. It is understood that the difference in the
susceptibility is well reflected on the macrostructure. On
the other hand, Fig. 11 compares the macrostructure of
AISI 316L after the testing under different initial deflec-
tion, and means that the decrease in the initial deflection
and thus in the deformation rate delays the initiation of
solidification cracking. Therefore, this device is also
suitable to examine the solidification crack susceptibility
under different restraint condition.

According to the above mentioned, it is understood
that the “U-form hot cracking device” is suitable well to
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the different types of hot cracking in thin sheets of

various materials. ~ References
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