In-situ observation of solidification behaviors of Fe-Mn-Cr-Ni-Si alloy
during TIG melt-run welding using synchrotron radiation X-ray
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Abstract

The solidification behaviors, including the solidification cracking and solidification
mode of the Fe-Mn-Cr-Ni-Si alloys at the weld bead during tungsten inert gas (TIG) melt-
run welding, were examined by time-resolved in-situ observations using synchrotron
radiation X-ray imaging and X-ray diffraction. The dynamics of initiation and
propagation of solidification cracking at the weld bead could be observed at the dendrite
scale. For the specimen solidified in the austenite mode at a welding speed of 10 mm/s,
solidification cracking with a zigzag interface developed via the coalescence of many
small pores at the centerline, where the columnar dendrite tips impinged. Quantitative
image analysis indicated that the local tensile strain was highly localized at the centerline,
and the critical local tensile strain for the initiation of solidification cracking was
approximately 0.04. For the specimen solidifying in the ferrite-austenite mode at the
welding speed of 10 mm/s, the centerline solidification cracking was suppressed by the
formation of many equiaxed y-Fe dendrites ahead of the growing columnar d-Fe dendrites.
Grain refinement at the centerline can be achieved at a welding speed of more than 7

mm/s without requiring inoculants.
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1. Introduction

Recently, Fe-Mn-Cr-Ni-Si alloys with a high plastic fatigue life have been
developed for application as seismic steel dampers in tower building [1,2]. A damper
using an Fe-15Mn-10Cr-8Ni-4Si alloy as a core plate exhibited a fatigue life ten times
longer than that of conventional steels [3]. However, the joining process was restricted to
the mechanical joining technique using a bolt and nut owing to its high susceptibility to
solidification cracking, which originates from austenite (A) mode solidification. To
overcome this problem, the solidification mode from A to ferrite-austenite (FA) was
changed by controlling the Cr/Ni equivalent ratio without degrading the plastic fatigue
life [4]. The primary ferrite phase is known to contribute to the improvement in the
solidification cracking susceptibility of austenitic stainless steel [5-7] because the
lacy/skeletal ferrite and discontinuous liquid film provide crack resistance. However, the
transformation from all ferrite phases to the austenite phase occurs during the cooling
process of the Fe-Mn-Cr-Ni-Si alloy [4]. The observation of a solidified specimen
consisting of the full austenite phase makes it difficult to examine the effect of the ferrite
phase on solidification cracking. Meanwhile, in-situ observation of solidification
behavior is the most direct approach to clarify the mechanism for preventing solidification
cracking.

Researchers have examined the solidification behavior and phase transformations
of certain steels during welding using synchrotron radiation X-ray diffraction [8—11].
Mirihanage et al. achieved in-situ time-resolved observations of rapid solidification
behaviors, including grain growth and rotation, in austenitic steels during spot welding at
an extremely high frame rate of 1 kHz [11]. Meanwhile, in-situ observation using
synchrotron radiation X-ray imaging and a high-speed camera, which can be visually
recognized, is more effective for understanding dynamic phenomena. These techniques
have been applied to various solidification behaviors during welding such as weld pools
[12], bubbles [13], porosity [13], and solidification cracking [14—19]. Some studies have
demonstrated the strain distribution during the welding process and the critical strain for
solidification cracking using quantitative image analysis of video sequences [17,19].
However, dendrite-scale microstructural evolution, such as dendrite growth, dendrite
competition, and the relationship between the porosity/crack and dendrite microstructure
during welding, are not fully understood because of the low spatial and time resolutions.

In a recent study, we developed a technique for the in-situ observation of dendrite
growth and solidification cracking behaviors of the Fe-Mn-Cr-Ni-Si alloy at the weld
crater during tungsten inert gas (TIG) spot welding using high-spatial resolution

synchrotron radiation X-ray imaging [20,21]. This method enabled us to observe the



microstructural evolution in-situ at the dendrite scale during welding and directly obtain
the critical strain for solidification cracking. Furthermore, phase transformation during
solidification can be detected by combining X-ray diffraction with X-ray imaging. The
Fe-Mn-Cr-Ni-Si alloy showed the unique FA mode where many equiaxed y-Fe dendrites
appeared in front of the growing columnar 8-Fe dendrites at the weld crater. In addition,
the propagation of the solidification cracking was suppressed by the formation of many
equiaxed y-Fe dendrites. Therefore, the inhibition of solidification cracking is also
expected at the weld bead as well as weld crater if a similar FA mode occurs during melt-
run welding. However, in-situ observation of the weld bead for Fe alloys using
synchrotron radiation X-ray imaging has been limited to dynamics of high-contrast
images, such as the formation of small cracks and the propagation of solidification
cracking [19].

In this study, we conducted an in-situ observation of the solidification behavior of
an Fe-Mn-Cr-Ni-Si alloy at the weld bead during TIG melt-run welding using a developed
technique that could observe the microstructural evolution at the dendrite-scale. The
effect of the solidification mode on solidification cracking susceptibility was examined.
A quantitative image analysis was conducted to obtain the local strain distribution during
solidification cracking. The effect of welding speed on the solidification behavior in the
FA mode was also examined. The solidification mechanism in the FA mode at a high
welding speed is discussed in terms of thermal conditions and solute segregation in the

liquid.

2. Experimental Procedures

Alloys with nominal compositions of Fe-15Mn-10Cr-8Ni-4Si and Fe-15Mn-11Cr-
7.5Ni-4Si were used and are denoted as specimens X0 and X05, respectively. According
to the phase diagram of the Fe-Mn-Cr-Ni-Si system calculated using Thermo-Calc
software and the TCFE11 database, as shown in Fig. 1 [20], specimens X0 and X05
solidify in the A and FA modes, respectively. These alloys were fabricated in an induction
furnace under Ar atmosphere, hot-forged at 1373K, and rolled into plates. Finally, heat
treatment was conducted at 1273 K for 1 h, followed by quenching in water. The
specimens were cut into dimensions of 50 mm length, 50 mm width and 0.2 mm thickness.

The in-situ experiments were performed at beamline 20XU of SPring-8, Japan. Fig.
2 shows a schematic of the experimental setup for the in-situ observations during TIG
melt-run welding. The setup consisted of an X-ray imaging detector, X-ray flat panel
sensor, TIG welding apparatus, specimen cell, high-speed camera, and slit placed along

the X-ray beam path. The transmitted X-ray images were obtained at an X-ray energy of
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Fig. 1. Phase diagram of the Fe-Mn-Cr-Ni-Si system [20].

28 keV using an X-ray imaging detector consisting of a Complementary Metal Oxide
Semiconductor (CMOS)-type high-speed camera, optical lens, and a phosphor screen of
Ce-doped gadolinium-aluminum gallium garnet (GAGG) phosphor screen [22]. Two
types of lenses were used to acquire the X-ray images. In the wide visual field lens, the
observation area was 2.2 x 2.2 mm with a pixel size of 1.1 um. In the narrow visual field
lens, the observation area was 1.0 x 1.0 mm with a pixel size of 0.49 um. For specimen
X05, a narrow visual field lens was used to clearly observe the FA mode solidification.
The frame rate and exposure time of each image were 50 fps and 20 ms, respectively. To
suppress the X-ray phase contrast, the X-ray imaging detector was located at a distance
of 30 cm from the specimen.

In-situ X-ray diffraction (XRD) and temperature measurements were performed
using a flat panel sensor and a high-speed camera, respectively, simultaneously with in-
situ X-ray imaging during TIG melt-run welding. XRD patterns were recorded at 60 fps
with a pixel size of 200 pm. Notably, the only XRD patterns within the weld bead were
obtained using a silt. High-speed camera images were acquired at 250 fps, and the
acquired images were converted to temperature images using the two-color method
software (NAC Image Technology Inc., Thermias).

The specimens were fixed using a Cu plate and an Al backing plate with a hole for
X-rays to pass through. The TIG torch was attached to the z-axis stage, which was moved
upward/downward. TIG melt-run welding was performed by moving the TIG torch
downward with an Ar shielding gas. The solidification behaviors of the two specimens
were compared at a welding speed of 10 mm/s and a welding current of 8 A. To examine

the effect of the welding speed on the solidification behavior of specimen X05, in-situ
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experiments were conducted at four welding speeds of 5, 6, 7, and 8 mm/s at a welding
current of 7 A. Notably, the full weld penetration was achieved under all welding
conditions.

The solute distribution of the weld bead was determined using an electron probe
microanalyzer (EPMA) for the specimen solidified in the FA mode. Specimen X05 was
quenched using Ar gas after the in-situ experiment. The distribution of the local strain near
the centerline of the weld bead during solidification cracking was evaluated using image
processing techniques. Specifically, after the X-ray images were enhanced using bilateral
filter processing [23] and adaptive histogram equalization processing [24], the
displacement of each pixel, known as the optical flow, was calculated for each frame of
the X-ray images using the TV-L1 method [25]. Subsequently, the obtained displacement
fields are converted into strain fields. Typically, the Digital Image Correlation (DIC)
method is used to calculate the strain field of time-series image data. However, when
applied to the X-ray images obtained in this study, calculating the appropriate strain fields
was challenging because of noise and brightness drift. Consequently, strain field
calculations were performed using an optical flow evaluation method. The efficacy of this
strain-field calculation method was also discussed by Hartmann et al. [26]. The strain at

the solid/liquid interface, which corresponds to the fusion boundary, was defined as zero.
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Fig. 2. Schematic of experimental setup for in-situ observation at the weld bead during

TIG melt-run welding.

3. Results and Discussion
3.1 In-situ observation of solidification cracking for specimen X0
Fig. 3 shows the solidification sequence of specimen X0, which solidified in the A

mode, at a welding speed of 10 mm/s. The complete time sequence of the solidification
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Fig. 3. (a—f) Solidification sequence of specimen X0 at the welding speed of 10 mm/s
during TIG melt-run welding. White dotted lines denote the solid/liquid interface. (g)
Camera image at 0.66 s; the white square corresponds to the X-ray radiograph of (d).

behavior is shown in Video 1. Fig. 3 (a) shows an X-ray radiograph before melting at t =
0 s. The TIG torch moved downward immediately after arc ignition. A weld pool with a
teardrop-like shape was formed, as shown in Figs. 3(b) and (¢), which was also identified
in the camera image shown in Fig. 3(g), where the white square corresponds to the X-ray
radiograph in Fig. 3(d). A teardrop shape is generally favored at high welding speeds [27].
As the weld pool moved downward further, columnar dendrites grew from both sides of
the fusion boundary toward the centerline of the weld bead, as shown in Figs. 3(c) and
(d). Subsequently, these columnar dendrites impinged on the centerline in a direction
approximately parallel to the horizontal line. Solidification cracking initiated at the
centerline, where the columnar dendrite tips impinged and propagated toward the welding
direction, as shown in Figs. 3(e) and (f). Fig. 4 (a) shows the optical micrograph of the
solidified specimen X0. The centerline solidification cracking was observed between the
columnar grains, which was in agreement with the in-situ observation. The solidification
cracking sequence in the white dotted square in Fig. 3(d) is shown in Fig. 5. Magnified
images of the dotted squares in Figs. 5(c) and (d) are shown in Figs. 5(i) and (j),
respectively. The growth of columnar dendrites was clearly observed at the weld bead, as

shown in Figs. 5(a) and (b). The primary and secondary dendrite arm spacings at 0.58 s



Fig. 4. Optical micrographs of solidified specimens (a) X0 and (b) X05 after the in-
situ experiment.

were 50 um and 8 um, respectively. The columnar dendrites, which grew from both sides
of the fusion boundary, impinged at 0.62 s at the centerline. The average growth velocity
of the columnar dendrites immediately before the impingement of the dendrite tips was
6.2 mm/s. As the solidification proceeded, many small pores with a diameter of
approximately 7 pum, as indicated by the black arrows in Fig. 5(c), appeared along the
centerline at 0.72 s, indicating the initiation of solidification cracking. In this study, the

(a)t=0.58s (b)t=0.62s
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Fig. 5. (a—f) Evolution of solidification cracking of specimen X0 at welding speed of
10 mm/s during TIG melt-run welding. (g) Time dependence of X-ray intensity at the
position, indicated by the black arrows in (i) and (j). (h) Example of solidification
cracking at the centerline of the weld bead.



moment of pore formation was determined from the X-ray intensity and the X-ray
imaging sequence. Fig. 5(g) shows the time dependence of the X-ray intensity at the
position, as indicated by the black arrows in Figs. 5(i) and (j). The X-ray intensity
increased remarkably at 0.72 s and remained unchanged after pore formation. The
remarkable increase in the X-ray intensity indicates the opening of the pores because the
attenuation of X-rays is negligibly small. Solidification cracking occurs via the rupture of
the liquid film owing to the tensile force induced by the solidification shrinkage [28,29].
However, the liquid film could not be clearly resolved by X-ray imaging because the
dendrite tips partially overlapped with those from the other side of the fusion boundary
in the vicinity of the centerline. As the solidification proceeded further, the small cracks
with a size of approximately 15 um were formed via the coalescence of the small pores,
as shown in Figs. 5(d) and (j). Finally, they evolved into large cracks with zigzag
interfaces, as shown in Figs. 5(e) and (f). Solidification cracking was clearly distributed
along the interface of the dendrite tips, as shown in Fig. 5(h). Our previous studies on the
in-situ observation of the solidification behavior of Al-Cu alloys showed the evolution of
solidification cracking, including the formation and coalescence of pores [18]. However,
the relationship between the pores and microstructure has not been clarified because of
the low spatial resolution. In this study, the morphology of solidification cracking was

found to depend on the dendrite microstructure.

3.2 Strain distribution during the evolution of solidification cracking

Fig. 6 shows snapshots of the local strain distributions obtained by image analysis
of specimen X0 at a welding speed of 10 mm/s during solidification cracking. The white
dotted square in Fig. 3(e) represents the analysis region. As solidification proceeded, the
high local strain in the direction perpendicular to the welding direction, which
corresponded to the tensile strain, was localized at the centerline, where the columnar
dendrites from both sides of the fusion boundary impinged (Fig. 3 and 5). When
solidification cracking was initiated via the formation of many pores at the centerline (Fig.
5(c)), the localized local strain was approximately 0.04, as shown in Fig. 6(b). When the
localized local strain at the centerline increased to approximately 0.06, as shown in Fig.
6(d), solidification cracking with a zigzag interface evolved via the coalescence of many
pores (Fig. 5(f)). In our previous studies on the in-situ observation of solidification crack
propagation for type 310S and 316L stainless steels during TIG welding [19], the
distribution of local strain was examined using the DIC method. The critical local tensile
strain for solidification cracking was 0.05. Therefore, solidification cracking occurred in

the Fe-Mn-Cr-Ni-Si alloy at a local strain similar to that in conventional stainless steels.
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Fig. 6. Local strain distributions in the direction perpendicular to the welding direction
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at the centerline of the weld bead during solidification cracking.

3.3 In-situ observation of solidification behaviors for specimen X05
Fig. 7 shows the solidification sequence of specimen X05, which solidified in the

FA mode at a welding speed of 10 mm/s. The complete time sequence of the solidification
behavior is presented in Video 2. As in the case of specimen X0 (Fig. 3), the weld pool

exhibited a teardrop-like shape owing to the high welding speed, as shown in Figs. 7(a)
and (b). When the weld pool moved downward, the growth of the columnar dendrites

from both sides of the fusion boundary toward the centerline of the weld bead occurred
at t = 0.30 s, as shown in Fig. 7(b). A magnified image of the columnar dendrites in the
dotted square in Fig. 7(b-1) is shown in Fig. 7(e). According to the XRD patterns in Fig.
8(a) and (b), the (110), (200), and (211) reflections of d-Fe appeared from the liquid phase,
corresponding to the halo pattern when the columnar dendrite grew at t = 0.30 s. The pri

mary columnar dendrites were identified as the o-Fe phase. When the columnar d-Fe
dendrite continued to grow, many equiaxed dendrites with darker contrast than that of the
primary columnar dendrites appeared in front of the growing columnar 6-Fe dendrites in
the vicinity of the centerline, as shown in Figs. 7(c) and (f) at t = 0.36 s. Furthermore, the
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Fig. 7. (a—d) Solidification sequence of specimen X05 at welding speed of 10 mm/s
during TIG melt-run welding. White dotted lines denote the solid/liquid interface. (e—
g) Magnified images of the black dotted squares in (b-1), (c-1), and (c-2), respectively.

cellular crystals with darker contrast than that of the primary 8-Fe columnar dendrites
grew independently in the interdendritic region between the columnar 6-Fe dendrites
almost simultaneously with the formation of the equiaxed dendrites, as shown in Figs. 7
(c) and (g). The XRD patterns at 0.36 s showed that (111), (200), and (220) reflections of
v-Fe, as indicated by the white arrows, appeared, as shown in Fig. 8(c). Although the
XRD patterns at 0.36 s could not be separated into the XRD patterns of equiaxed dendrites
and those of the cellular crystals owing to the lack of time resolution, both of equiaxed
dendrites and cellular crystals were identified as the y-Fe phase likely because they have
the lower transmitted X-ray intensity than that of the primary columnar 6-Fe dendrite. In
principle, the y-Fe phase shows the lower X-ray intensity than that of 6-Fe because of the
higher density of y-Fe phase than that of 6-Fe phase [30]. In the case of the conventional

(a)t=0.18s b)t=0.30s (c)t=0.36s y-Fe(111)

-

S e
3-Fe(110) st y-Fe(200)

Halo pattern A

5-Fe(200) 5-Fe(200)

y—Fe‘(ZZO)

5-Fe(211)

5-Fe(211)

Fig. 8. XRD patterns of specimen X05 at (a) 0.18 s, (b) 0.30 s, and (c) 0.36 s.
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FA mode, the cellular y-Fe crystal is known to be formed independently through the
divorced eutectic reaction in the interdendritic region between the columnar o-Fe
dendrites for the austenitic stainless steel [31,32]. However, the specimen X05 showed
the formation of equiaxed y-Fe dendrite as well as the cellular y-Fe crystals in the
interdendritic regions. This unique FA mode, where the equiaxed y-Fe dendrite was
formed in front of the columnar 6-Fe dendrite, was consistent with the solidification mode
at the weld crater [20,21]. The solidification behavior was identified by the optical
micrograph of the solidified specimen X035, as shown in Fig. 4(b). Many equiaxed grains
were formed along the centerline between the columnar grains.

In contrast to specimen X0, no solidification cracking was observed in the centerline
owing to the formation of many equiaxed grains, as indicated by the white arrows in Fig.
7(d), even at a high welding speed. Centerline solidification cracking can be suppressed
by grain refinement, achieved by adding a grain refiner to an aluminum alloy [32-34],
attributed to the distribution of strain induced by solidification shrinkage in the small
grain boundaries [35]. The solidification cracking was not observed in the fully solidified

specimen, as shown in Fig. 4(b).

(a) 8 mm/s (b) 7 mm/s

200 um

Fig. 9. X-ray radiographs of specimen X05 at welding speeds of (a) 8 mm/s, (b) 7
mm/s, (¢) 6 mm/s, and (d) 5 mm/s. (e, f) Magnified images of the white dotted squares

in (a-1) and (b-1), respectively. The black arrows denote the equiaxed dendrites.
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3.4 Effect of the welding speed on the solidification behavior for specimen X05
Figs. 9(a-d) show the X-ray radiographs of specimen X05 at welding speeds of 8,
7, 6, and 5 mm/s, respectively. At welding speeds of 8 and 7 mm/s, the weld pool still
exhibited a teardrop-like shape, as shown in Figs. 9(a) and (b). Magnified images of the
white dotted squares in Figs. 9(a-1) and (b-1) are shown in Figs. 9(e) and (f), respectively.
The formation of cellular crystals in the interdendritic regions and equiaxed dendrites in
front of the growing columnar dendrites, as indicated by the black arrows in Figs. 9(e)
and (f), respectively, was observed during solidification. They exhibited the same
solidification behavior as those at a welding speed of 10 mm/s, as shown in Fig. 7.
Meanwhile, at the lower welding speeds of 6 and 5 mm/s, the shape of the weld pool
changed from a teardrop to an elliptical shape, as shown in Figs. 9(c) and (d). The weld
pool is known to change from a teardrop to an elliptical or circular shape as the welding
speed decreases [27]. No equiaxed dendrites were observed, and cellular crystals grew in
the interdendritic regions between the columnar dendrites. These results indicate that the
formation of equiaxed dendrites in front of the growing columnar dendrites depended on
the welding speed.
Fig. 10 shows the solidification sequence of specimen X05 at a welding speed of
5 mm/s. The complete time sequence of the solidification behavior is presented in Video
3. As mentioned above, the weld pool exhibited an elliptical shape, as shown in Figs. 10
(a) and (b), owing to its low welding speed. Magnified images of the black dotted squares
in Figs. 10(b-1) and (c-1) are shown in Figs. 10(e) and (f), respectively. The primary

columnar dendrites grew from the fusion boundary at 0.44 s, as shown in Fig. 10(e).

(a)t=0.16s (b)t=0.44s

Weld pool

200 pn

y phase

Fig. 10. (a—d) Solidification sequence of specimen X05 at welding speed of 5 mm/s.
(e, f) Magnified images of the black dotted squares in (b-1) and (c-1), respectively.
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Fig. 11. XRD patterns of specimen X05 at (a) 0.38 s and (b) 0.44 s.

Subsequently, the growth of cellular crystal with darker image occurred in the
interdendritic region between the primary columnar dendrites at 0.54 s, as shown in Figs.
10(c) and (f). Finally, the microstructure consisted of curved columnar grains, which is a
conventional solidification structure for low welding speeds, as shown in Fig. 10(d). In
general, columnar dendrites grow in the direction of the thermal gradient formed by the
heat source. Therefore, the growth direction of the columnar dendrite continuously
changes as the direction of the maximum thermal gradient changes from perpendicular to
the weld surface to parallel to the welding direction during the movement of the heat
source [36,37]. Figs. 11(a) and (b) show the XRD patterns of specimen X05 at 0.38 s and
0.44 s, respectively. When the primary columnar dendrites appeared at 0.38 s, the XRD
pattern consisted of (110), (200) and (211) reflections of 5-Fe and the halo pattern. The
primary columnar dendrites were identified as the &-Fe phase. Then, as the cellular
crystals were formed between the columnar 6-Fe dendrites, (111), (200) and (220)
reflections of y-Fe appeared at 0.44 s. Therefore, the specimen X05 at the low welding
speed of 5 mm/s solidified in a conventional FA mode [31,32] where the cellular y-Fe
crystals were formed in the interdendritic regions between the primary columnar d-Fe

dendrites.

3.5 Possible mechanisms for the formation of equiaxed y-Fe dendrites

As mentioned above, the specimen XO05 showed the conventional FA mode
solidification where the formation of the cellular y-Fe crystals between the primary 6-Fe
columnar dendrites occurred at the low welding speeds of 5 and 6 mm/s. When the
welding speed increased up to 7 mm/s, the weld pool became the teardrop shape, and the
columnar o-Fe dendrites grew from both sides of the fusion boundary toward the
centerline. As a result, the many equiaxed y-Fe dendrites were formed in the melt ahead
of the growing columnar d-Fe dendrite in addition to the formation of the cellular y-Fe
crystals between the primary 6-Fe columnar dendrites. In general, nuclei in the melt ahead
of the columnar grains are required to form equiaxed dendrites. However, at the present

spatial and temporal resolutions, heterogeneous nucleation [38], nucleus formation via
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dendrite fragmentation [39], and grain detachment [40] were not observed, thus making
it important to examine the potential nuclei of equiaxed dendrites in future studies.

The columnar-to-equiaxed transition (CET) via the growth of nuclei requires
favorable thermal condition [33,41-43]. It has been reported that the CET is determined
by the ratio of the temperature gradient, G (K/mm) to the solidification velocity, R (mm/s)
[33,41]. Generally, CET tends to occur at a low G/R ratio because of the high amount of
constitutional undercooling. Figs. 12(a) and (b) show the time dependence of G, R, and
G/R, respectively, at a welding speed of 10 mm/s. For comparison, the result of the weld
crater for specimen X05 [20,21], where the formation of equiaxed dendrites also occurred
ahead of the columnar dendrites, is plotted in Fig. 12(b). Examples of X-ray radiograph,
camera image and temperature distribution are shown in Figs. 12(c), (d), and (e),
respectively, which were used to calculate G and R. G at the solid/liquid interface was
determined by comparing the X-ray radiograph with the temperature distribution. The R

of the columnar dendrite was measured immediately before the equiaxed dendrite was
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Fig. 12. Time dependences of (a) solidification velocity and temperature gradient at
the weld bead (welding speed of 10 mm/s) and (b) G/R at the weld crater and bead for
the specimen X05. (¢) X-ray radiograph, (d) camera image, and (e) temperature
distribution at 0.06 s; white squares correspond to the X-ray radiograph of (¢).

14



formed. The G decreased from 290 K/mm to 80 K/mm whereas the R increased from 2.2
mm/s to 6.4 mm/s during the growth of columnar dendrites, as shown in Fig. 12(a).
Consequently, G/R decreased remarkably to approximately one-tenth of its original value,
as shown in Fig. 12(b). Similarly, the specimen X05 at the weld crater showed a
remarkable decrease in G/R. Based on these results, CET likely occurred because of the
significant decrease in G/R.

In our previous studies, solute enrichment in the liquid at the center of the weld pool
occurred owing to solute rejection from the solid phase during the growth of columnar
dendrites toward the center of the weld pool at the weld crater [20,21], likely causing a
transition of the solidification mode during solidification. Lippold et al. showed that the
solidification mode changed from the primary d-Fe to the primary y-Fe by the Ni
enrichment in the liquid for the type 310/304 stainless steel during solidification [44]. At
the weld bead, the solutes were also likely to be enriched in the melt of the centerline
during the growth of columnar dendrites, which grew from both sides of the fusion

boundary. To confirm the solute enrichment in the melt, EPMA analysis of specimen X05
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Fig. 13. (a) Microstructure for the transverse section of the quenched specimen X05
and EPMA mappings of (b) Mn, (c¢) Ni, and (d) Cr. Average concentrations of (¢) Mn,
(f) Ni, and (g) Cr for the entire area and interdendritic regions between the dendrite
arms.
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was conducted at a welding speed of 10 mm/s. Fig. 13(a) shows the microstructure of the
quenched specimen X035, consisting of columnar and equiaxed grains on the transverse
cross-section of the weld bead. Figs. 13(b), (¢), and (d) show the EPMA mappings of Mn,
Ni, and Cr, respectively. Notably, these distributions were likely influenced by the 8-y
solid-state transformation during the cooling because all 6-Fe transformed into the y-Fe
phase. Segregation of Mn and Ni occurred between the dendrite arms, whereas Cr was
almost uniformly distributed throughout the weld bead. Figs. 13(e), (f), and (g) show the
average concentrations of Mn, Ni, and Cr as functions of distance x for the entire area
and the interdendritic regions between the dendrite arms. The Mn and Ni in the
interdendritic regions gradually increased along the growth direction owing to the pile-
up of solutes ahead of the growing solidification interface until equiaxed grains appeared
and then remained almost unchanged in the region of equiaxed grains. The average
concentrations of Mn and Ni in the interdendritic regions were approximately 13% and
31% higher, respectively, than those in the entire area within the equiaxed grain region.
The average Cr concentration in the interdendritic regions was slightly lower than that
over the entire area. These results indicate that the solutes Mn and Ni were highly
enriched in the remaining liquid during solidification. According to our previous study
on the Fe-Mn-Cr-Ni-Si alloys [4], when the Cr/Ni equivalent ratio was less than 1.51, the
solidification mode changed from FA to A modes. Notably, the Cr/Ni equivalent ratio
was calculated using the Peng’s equations [45]. EPMA analysis showed that the Cr/Ni
equivalent ratio decreased to approximately 1.29 for the interdendritic regions owing to
an increase in the concentrations of Ni and Mn, leading to the change of the solidification
mode from the primary d-Fe to the primary y-Fe. Therefore, y-Fe could be preferentially
nucleated in the remaining liquid during solidification by the solute enrichment of Mn
and Ni. Based on these considerations, the remarkable decrease in G/R and the solute
enrichment of Mn and Ni in the remaining liquid likely resulted in the formation of

equiaxed y-Fe dendrites in front of the growing columnar dendrites.

4. Conclusions

A technique for in-situ observation using synchrotron radiation X-ray imaging and
X-ray diffraction was adopted to study the solidification behaviors, including the
solidification cracking and solidification mode of the Fe-Mn-Cr-Ni-Si alloy at the weld
bead during TIG melt-run welding. The effects of the solidification mode on solidification
cracking and the welding speed on the solidification microstructure in the FA mode were
examined. The mechanism of the equiaxed y-Fe dendrite formation was discussed based

on the thermal condition and the solute segregation in the liquid. The following
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conclusions were drawn.

1.

For specimen X0 solidified in the A mode at a welding speed of 10 mm/s,
solidification cracking evolution at the weld bead could be observed at the dendrite
scale. Solidification cracking was initiated by the formation of many small pores at
the centerline where the columnar dendrite tips impinged. Image analysis showed that
the localization of the high tensile strain occurred at the centerline, and the critical
local strain of solidification cracking was approximately 0.04. The propagation of
solidification cracking was caused by the coalescence of small pores. The zigzag
interface of solidification cracking reflected the morphology of the columnar dendrite
tips.

For specimen X05 solidifying in the FA mode at the welding speed of 10 mm/s,
cellular y-Fe crystals were formed independently in the interdendritic regions between
the primary columnar 8-Fe dendrites. In addition, the formation of equiaxed y-Fe
dendrites occurred in the melt ahead of the growing columnar 6-Fe dendrites in the
vicinity of the centerline, suppressing solidification cracking, even at high welding
speeds.

The shape of the weld pool changed from teardrop to elliptical when the welding
speed decreased below 6 mm/s. As a result, the specimen solidified in the
conventional FA mode where the formation of the cellular y-Fe crystals in the
interdendritic regions between the primary columnar 6-Fe dendrites occurred without
the formation of equiaxed dendrites.

G/R decreased significantly during columnar dendrite growth owing to the increase
in R and decrease in G at a welding speed of 10 mm/s. Therefore, CET was expected
to occur. In addition, the segregation of Mn and Ni occurred between the dendrite
arms. This indicates the enrichment of their solutes in the remaining liquid during the
growth of columnar dendrites, which likely caused the transition of the solidification

mode from primary 6-Fe to primary y-Fe.
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