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Electromagnetic Stirring and Grain 
Refinement in Stainless Steel GTA Welds 

Experimentation reveals that ferrite is refined by heterogeneous 
nucleation under certain conditions, but austenite remains columnar 

BY J. C. VILLAFUERTE AND H. W. KERR 

ABSTRACT. The columnar-equiaxed tran
sition (CET) was investigated in full pene
tration GTA welds in several austenitic and 
ferritic stainless steels having different 
amounts of minor elements such as tita
nium and aluminum, for a range of weld
ing conditions under the imposition of ex
ternal magnetic fields. 

Alternating-current longitudinal mag
netic fields, parallel to the electrode axis, 
were effective in enhancing the formation 
of equiaxed grains in some ferritic stainless 
steels. However their effect was restricted 
to optimal reversing frequencies, and was 
more noticeable at lower welding speeds 
and in steels with higher titanium and alu
minum contents. The effect of longitudi
nal magnetic fields was ascribed to the 
combined influences of arc deflection and 
forced rearwards fluid motion induced by 
the imposition of the fields. These in turn 
change thermal conditions at the pool tail, 
permitting more nucleation of equiaxed 
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grains. Increased additions of titanium and 
aluminum and increased welding speed 
enhanced heterogeneous nucleation in 
general, and the equiaxed zone changed 
from a surface nucleated region to a 
through-the-thickness condition. 

Limited studies using parallel (to the 
welding direction) and transverse imposed 
fields also showed optimal frequencies for 
grain refinement. These results were qual
itatively similar to those for longitudinal 
fields. 

In Types 304 and 321 austenitic stainless 
steels, no effect of imposed magnetic 
fields was observed on grain refinement 
of the austenite phase. The primary ferrite 
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grain structure was almost entirely colum
nar for 304 stainless steel but entirely 
equiaxed for 321 stainless steel, indepen
dent of the imposed fields and welding 
speed. 

Introduction 

The presence of an equiaxed zone in 
the central region of welds is known to 
help prevent centerline cracking, and also 
to increase the ductility in subsequent 
bending or deformation of the weld. 
However, the factors and mechanisms 
which cause the columnar-to-equiaxed 
transition (CET) in welds remain contro
versial. Consequently, various ways to 
promote the transition have been at
tempted, including the imposition of ex
ternal magnetic fields. 

External magnetic fields applied to the 
weld pool region have been used for 
many years to introduce disturbances into 
the arc and weld pool. Different field ori
entations have been used: parallel to the 
electrode axis ("longitudinal" fields), par
allel to the welding direction ("parallel" 
fields), or transverse to the welding direc
tion ("transverse" fields). Early work by 
Russian investigators (Refs. 1, 2) showed 
that when either transverse or parallel 
magnetic fields are applied, the arc is de-
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fleeted in a direction given by the motor 
rule. Under the action of transverse fields, 
the arc deflects forwards or backwards 
depending on the polarity of the field and 
welding current. Similarly, parallel fields 
will make the arc deflect laterally. Jackson 
and coworkers (Refs. 3, 4) reported that 
deflecting the arc forward improves the 
bead appearance in high-speed gas tung
sten arc welds. The industrial application 
of this technique has been available for 
some time. 

Imposed magnetic fields can also influ
ence fluid motion within the weld pool, 
since the interaction of the magnetic field 
and the welding current may cause a 
Lorentz force, which stirs the liquid. Tel-
ford (Ref. 5) observed that when a longi
tudinal DC magnetic field was applied, a 
rotation of liquid in the weld pool was 
generated in a direction obeying the mo
tor rule. However, during actual welding 
conditions, as observed by Bardokin, ef al. 
(Ref. 6), the arc may be deflected to gen
erate asymmetrical Lorentz force compo
nents. This in turn may alter the fluid flow 
in the weld pool, changing the geometry 
of the pool. 

In addition to the imposition of DC fields 
discussed above, imposed AC transverse 
and parallel magnetic fields have been 
used. Tseng and Savage (Ref. 7) used a 
commercial solenoid fed with a square-
signal input to impose AC transverse or 
parallel fields, generating longitudinal or 
transverse arc oscillations during GTA 
welding of HY-80 steel. They reported 
that "arc oscillation" reduced the subgrain 
(dendrite) spacing, and caused variations 
in local growth velocities that tended to 
reduce crack sensitivity. 

Four-pole magnetic devices located at 
the welding torch also have been used to 
produce combinations of parallel and 
transverse AC magnetic fields (Refs. 8-
12). A four-pole magnetic oscillator, first 
introduced by Akulov, ef al. (Ref. 8), was 
used by Kou and Le (Refs. 10, 11) to ob
serve the effects of transverse, longitudi
nal and circular arc oscillations on 2014 
aluminum GTA weld solidification at fre
quencies between 0.9 to 35 Hz. Coarse 
equiaxed grain formation was observed 
only for transverse fields at a low fre
quency. However, parallel fields giving 
transverse arc oscillation at low frequen
cies (1 Hz) and high amplitudes caused 
periodic displacements of the weld cen
terline and a significant improvement in 
centerline cracking resistance. Kou and Le 
also studied the effects of transverse, lon
gitudinal and circular arc oscillations in 
5052 aluminum (Ref. 12). In this alloy, they 
observed grain refinement for circular and 
longitudinal arc oscillations above a cer
tain frequency, apparently because het
erogeneous nucleation was permitted by 
the combination of a titanium addition and 
the thermal conditions caused by the im
posed fields. 

The effect of the imposition of an AC 
longitudinal field has been referred to as 
electromagnetic stirring or EMS (Refs. 13-
16). It basically consists of an alternating 
magnetic field parallel to the electrode axis 
interacting with the welding current to 
produce a stirring effect that occurs as a 
result of alternating Lorentz forces. Mat
suda, ef al. (Refs. 13-15), showed that 
there exist optimal conditions of frequency 
and field strength for which the ratio of 
central equiaxed zone width to weld pool 
width was maximized in some aluminum 
alloys. The existence of optimal frequency 
and field strength values was related to 
the response of the liquid metal to the pe
riodic changes in Lorentz force direction. 
It was suggested that the optimal condi
tions correspond to a maximum average 
liquid velocity ahead of the solidification 
front (Ref. 16). The welding travel speed, 
plate composition and thickness also were 
observed to affect the optimal stirring 
conditions for equiaxed zones (Refs. 13, 
16). 

Bardokin, ef al. (Ref. 6), using a torch-
coaxial solenoid to generate a longitudinal 
low-frequency (< 0.5 Hz) magnetic field, 
periodically changed the position of the 
centerline in aluminum, making an irregu
lar path for centerline crack propagation. 
He reported that the same effect could 
not be achieved for plain carbon steels or 
austenitic stainless steels. The centerline 
shift effect observed in aluminum by Bar
dokin, etal., and later by Kou and Le (Refs. 
10, 11) (for parallel fields) also can be re
lated to a periodic lateral movement of 
the arc, producing an alternating asym
metrical pool shape. 

Early investigators (Refs. 17-19) claimed 
almost complete suppression of columnar 
growth in electroslag welding by means of 
an external AC magnetic field. However, 
different investigators have put forward 
different mechanisms to explain equiaxed 
grain formation when it has been ob
served. Brown, ef al. (Ref. 20), reported 
equiaxed zone formation during GMAW 
under the influence of EMS in aluminum, 
titanium alloys and 304L stainless steel. He 
suggested that heterogeneous nucleation 
was responsible for the refinement effect, 
but did not provide direct evidence. 
Blinkov, et al. (Ref. 21), reported equiaxed 
zone formation in high yield steel GTA 
welds under the influence of EMS, but re
lated it to breakup of the dendritic struc
ture. 

Chernysh and Pakharenko (Refs. 22, 23) 
have proposed that the occurrence of 
equiaxed growth, during the application 
of EMS in welding, is assisted by a cyclic 
drop in the liquid temperature gradient at 
the solidification front due to forced liquid 
convection. According to these authors, 
the solidification process in stirred weld 
pools consists of hot and cold half-cycles 
following one another. During the hot 
half-cycle, overheated molten metal 

reaches the solid-liquid interface, thus in
creasing the liquid temperature gradient, 
G, while lowering the solidification veloc
ity, R. This was predicted to produce a 
decrease in the width of the constitutional 
undercooled zone, reducing the likeli
hood of equiaxed growth. During the cold 
half-cycle,- due to the reversal in the 
direction of the fluid motion, the liquid 
temperature ahead of the S-L interface 
drops far below that for the unstirred 
condition, lowering G while increasing R, 
thereby increasing the width of the con
stitutional undercooled zone and favoring 
the growth of dendrite fragments there. 

Abralov and Abdurakhmanov (Ref. 24) 
proposed that when EMS is present, the 
temperature fluctuations close to the S-L 
interface cause dendrite branch fragmen
tation, and that this mechanism is respon
sible to a great extent for the occurrence 
of equiaxed grains. They also suggested 
that if nucleant particles were present, 
then liquid agitation under optimal EMS 
conditions was important to transfer these 
particles into the constitutionally under
cooled region. They related the optimal 
stirring frequency with the welding speed, 
temperature gradient, and freezing tem
perature range, for a particular wave 
shape of the magnetic field applied. The 
optimum frequency value was related to 
the "interval" time between imposed 
fields when the solidification front is able 
to advance a distance equal to the width 
of the mushy zone. 

In aluminum alloys, Matsuda, etal. (Refs. 
13, 14), found that the occurrence of 
equiaxed grains within GTA welds was 
limited to Ti-containing alloys. Pearce and 
Kerr (Ref. 16) also reported grain refine
ment within GTA aluminum welds stirred 
by imposed longitudinal fields. They re
ported that the occurrence of equiaxed 
grains increased with increased Ti content. 
Since they observed Ti-rich particles at the 
centers of equiaxed grains, the CET was 
attributed to heterogeneous nucleation, 
aided by periodic reduction of the tem
perature gradient due to the stirring ef
fect. The importance of heterogeneous 
nucleation in the grain refinement of alu
minum alloy GTA welds has been sub
stantiated recently by Kou and Le (Ref. 9). 

In austenitic stainless steels, however, 
grain refinement effects have not been 
studied in detail. Matsuda, et al. (Ref. 15), 
welded several stainless steels (310, 316, 
304 and 321) of 2- and 8-mm (0.08- and 
0.31-in.) thickness, and imposed longitu
dinal magnetic fields using either a sole
noid coaxial with the electrode (for the 2-
mm-thick plates) or two solenoids aligned 
along the electrode axis (for the 8-mm-
thick plates). The highest tendency to 
grain refinement was observed in the Ti-
containing Type 321 steel. This was as
cribed to the effect of Ti on the equilib
rium distribution coefficient, favoring den
drite arm fragmentation during EMS. In 
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Table 1—Chemical Analysis of Steels (wt-%) 

TYPE Cr Ni Al Mn Mo 

Austenitic 
304 
321(a) 
Ferritic 
9795 
4093 
4092 
4091 
4094<a> 
4095 

18.25 
17.24 

31.8 
11.06 
10.97 
11.25 
11.39 
11.44 

8.10 
971 

<1.0 
0.34 
0.19 
0.18 
0.22 
0.27 

0.054 
0.046 

0.025 
0.004 
0.009 
0.008 
0.012 
0.012 

0.053 
0.017 

0.059 
0.006 
0.007 
0.005 
0.016 
0.016 

0.00 
0.48 

0.01 
0.18 
0.29 
0.32 
0.29 
0.36 

0.004 
0.085 

0.108 
0.012 
0.010 
0.035 
0.040 
0.044 

173 
1.78 

0.79 
0.50 
0.42 
0.48 
0.30 
0.31 

0.60 
0.51 

0.65 
0.50 
0.48 
0.43 
0.42 
0.43 

0.16 
0.22 

0.01 
-
-
-

0.02 
0.03 

Nb 

0.01 

O Cu 

56 ppm 
10 ppm 

— 
35 ppm 
40 ppm 
37 ppm 
85 ppm 

-

0.20 
0.14 

0.04 

-
-
-

0,07 
0.10 

0.004 
0.001 

<0.001 
0.007 
0.002 
0.002 
0.002 
0.002 

0.028 
0.021 

0.015 
0.019 
0.022 
0.023 

-
-

(a) Average of two analyses. 

thicker plates (8 mm), the formation of 
equiaxed grains, even in 321 stainless 
steel, was more limited. 

In summary, although the occurrence 
and mechanisms of grain refinement 
caused by imposed magnetic fields have 
now been clarified for aluminum alloys, 
the effects in stainless steels are not clear. 
Hence, the main objectives of the present 
work were to clarify the effects and 
mechanisms of imposed magnetic fields 
on the CET in stainless steel welds. Since 
austenitic stainless steels often undergo a 
transformation from ferrite to austenite 
during cooling (Ref. 25), which compli
cates the interpretation of the weld struc
ture, ferritic stainless alloys, which retain 
their solidification structure, were also 
studied. 

Experimental Procedure 

Welding samples were made from 
sheets, generally 2 mm thick, of austenitic 
Types 304 and 321, and ferritic Type 409 
stainless steel. Different levels of Ti and AI 
were available in the 409 steel. One 
experimental ferritic stainless steel with 
very low titanium content was also 
welded. All of the commercial steels were 
in the annealed condition prior to welding. 
The chemical compositions are shown in 
Table 1. 

Full penetration bead-on-plate GTA 
welds were produced using a DC power 
supply. Welding speeds of 3, 8 or 14 
mm/s were used, and the current ad
justed to maintain full penetration since 
the solidification structures of full pene
tration welds generally are easier to inter
pret than those of partial penetration 
welds. Argon shielding was employed be
low and above the sheets, to avoid loss of 
reactive elements. The welding voltage 
was measured between the electrode 
holder and the welding table, and the 
current was measured using a shunt con
nected in series with the electrode cable. 
The current return at the rear of the weld 
pool was ensured by using a copper con
tact strip, with asbestos insulation else
where. The welding conditions are shown 
in Table 2. 

To generate an alternating longitudinal 

magnetic field, a coil was mounted un
derneath the welding sample, with its axis 
coincident with the electrode axis. The tip 
of the coil core was set 5 mm (0.2 in.) from 
the lower surface of the sample. A square 
AC voltage input signal was supplied to 
the coil, since earlier work has shown that 
this waveform maximizes the force on the 
liquid in each half cycle. The wave shape 
of input voltage to the coil was checked 
by an oscilloscope, and frequency ad
justed by a digital counter. The combined 
inductance and resistance of the coil re
sulted in a time constant of 1.35 ms. 

Since the local permeability in the weld 
metal region in ferritic stainless steels is 
similar to that of air, a good picture of the 
field configuration during welding was 
obtained by machining a tear-shaped hole 
in the middle of a ferritic stainless steel 
plate, similar to the procedure used by 
Hicken and Jackson (Ref. 4). Using iron fil
ings, a higher density of lines was ob
served to concentrate toward the sur
rounding magnetic material, with fewer 
lines passing through the ferritic simulated 
weld pool than in the case of austenitic 
stainless steels. 

For the generation of transverse and 
parallel fields, a commercial water-cooled 
two-pole solenoid above the plate sur
face was used in conjunction with a com
mercial controlling box. The tips of the 
pole pieces coming out from the solenoid 
were positioned at the end of the gas 
shielding cup, 5 mm from the plate sur
face. Square-wave voltage outputs from 
the controlling box were restricted to a 
frequency range of approximately 0.7 Hz 
to 66 Hz. 

The magnetic field strength was deter
mined by a Gauss meter in conjunction 
with a Hall-effect probe at the intersection 
of the electrode axis with the top surface 
of the samples, as in the work by Matsu
da, ef al. (Ref. 13). To measure the field 
strength in austenitic stainless steels, a 
regular sample was properly clamped in 
place and the tip of the probe was posi
tioned at the electrode axis intersecting 
the plate top surface. For ferritic stainless 
steels, a reference ferritic sample with a 
tear-shaped hole at the middle was used. 

The overall fluid motion of the weld 

pool during the application of longitudinal 
magnetic fields was studied using nickel as 
the tracer element in 2-mm-thick ferritic 
stainless steel plates. Small sections of 
0.63-mm (0.25-in.) diameter Ni wire were 
inserted in holes located along welding 
path. Full penetration GTA welds were 
run at a welding speed of 3 mm/s (0.12 
in./s) and a welding current of 110 A. AC 
longitudinal fields and DC fields of both 
straight and reverse polarity were im
posed during welding. The original posi
tions of the nickel pins were carefully 
marked so that after making the welds the 
tracer flow direction could be identified. 

After welding, the surfaces to be ob
served were ground lightly with 600-grade 
emery paper prior to etching. A reagent 
made of 340 g FeCI3 • 6H 20, 126 mL HCI, 
42 mL HN0 3 , and 252 mL H 2 0 was used 
to reveal the weld macrostructures of all 
types of steel. In the case of austenitic 
stainless steels, this reagent revealed only 
the austenitic grain structure. To reveal 
their ferritic grain structure, a reagent 
made of 5 g FeCI3, 5 g CuCI2, 300 mL H 2 0, 
100 mL HCI, and 80 mL C2H2OH was used. 

The fraction of equiaxed grains was 
obtained from measurements at the top 
sections of the beads, since this is the 
technique used in most previous investi
gations. The existence of true equiaxed 
zones was examined using both cross-
sections and sections at different depths 
through some welds, since grains nucleat
ing on the surface or columnar grains 

Table 2—Welding Conditions 

Process: DCEN bead-on-plate, full penetration 
GTAW 

Electrode: W-2%Th, 60-deg cone included 
angle 

Electrode Diameter: 2.38 mm (V32 in.) for 
3 and 8 mm/s 

3.175 mm (Vs in.) for 
14 mm/s 

Arc length: 2 mm 
Electrode extension: 3 mm 
Torch position: vertical 
Workpiece lead location: rear 
Upper shielding: Ar 99.9%, flow rate 35 ft3/h 
Underneath shielding; Ar 99.9%, flow rate 

40 ft3/h 
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Fig. 1 - Weld pool shape, revealed by nickel tracer, for a DC longitudi
nal field imposed on a ferritic stainless steel. 
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fig. 2 — Weld pool shape, revealed by nickel tracer, with an AC longitu
dinal field imposed on a ferritic stainless steel, using 150 Gauss, 0.6 Hz, 
at 3 mm/s welding velocity. 

growing up from the bottom or edge of 
the weld cart be misinterpreted as equi
axed grains when observed at the top or 
in cross-sections. 

For more detailed light optical micros
copy (LOM) and scanning electron micros
copy (SEM), top and cross-sections of se
lected specimens were first diamond pol
ished. In ferritic stainless steels, most 
recommended reagents revealed only the 
grain boundaries and not the solidification 
structure. A solution made from 40 g of 
FeCI3 • 6H 20, 3 g CuCI2, 40 mL HCI and 
500 mL H 20 (Ref. 26) provided the best 
results for revealing the solidification struc
ture. 

Results 

Ferritic Stainless Steels 
Effects of Longitudinal Fields 

Nickel wire was inserted in the welding 
path as described earlier. The pattern left 
by the motion of Ni tracer during normal 
weld pool fluid motion in ferritic stainless 
steel at a welding speed of 3 mm/s, with
out the imposition of a magnetic field, 

showed symmetrical rearwards liquid mo
tion, without the double circulation pat
terns observed by Lawson and Kerr (Ref. 
27), in mild steels for the ground location 
at the rear. 

The longitudinal magnetic fields im
posed in this work produced minor lateral 
arc deflection, consistent with transverse 
Lorentz forces acting on the arc plasma. 
These forces may originate from radial 
components of the magnetic flux inter
acting with axial components of the arc 
current and/or vice versa. With a DC 
current to the coil, the deflection of the 
arc caused an asymmetrical shape of the 
top surface of the weld pool as shown in 
Fig. 1. The pattern left by the tracer sug
gested enhanced rearward liquid motion 
along the side of the weld to which the arc 
was deflected, as shown in Fig. 1. When 
an AC longitudinal field was imposed, the 
weld shape was more symmetrical, and 
the fluid motion pattern left by the tracer 
indicated a reversing rearward motion 
due to the action of DC-imposed fields of 
opposite directions, as shown in Fig. 2. Vi
sual observations of the weld pool also 

Fig. 3 — Wavy 
equiaxed region at 

the surface of a 
weld in Steel 4094 

made at 3 mm/s 
with a longitudinal 
field frequency of 

0.3 Hz. 
'•:•" %. 

' . - - : • '• • '*.:"u.-: • / ' : . . . •• > - » 

10 mm 

revealed the turbulent nature of the peri
odic rearward fluid motion induced by 
EMS. 

Below a certain frequency, the periodic 
lateral displacement of the arc caused by 
the AC longitudinal field gave a wavy 
shape to the fusion boundaries and cen
terline region, as shown in Fig. 3. 

Effects on Grain Structure 

In Type 409 ferritic stainless steel welds, 
the imposition of AC longitudinal fields at 
certain optimal reversing frequencies in
creased the fraction of equiaxed grains 
observed at the weld surface. This is illus
trated for an alloy containing 0.32% Ti in 
Fig. 3. At the lowest welding speed, 3 
mm/s, the maximum fraction of equiaxed 
grains generally increased with increased 
titanium, as shown in Fig. 4. 

From these surface observations, there 
is a narrow peak in fraction of equiaxed 
grains at a frequency of less than 1 Hz. The 
effect is illustrated for two different alloys 
in Figs. 5 and 6. The equiaxed grain size 
was smaller, and the equiaxed fraction 
was greater in the steel containing more 
titanium. 

At higher welding speeds, a peak in 
fraction of equiaxed grains again was ob
served at about 1 Hz, as shown in Figs. 7 
and 8. However, the equiaxed fractions in 
both unstirred and high-frequency-stirred 
welds generally increased with welding 
speeds. Hence, at the highest welding 
speed employed, 14 mm/s (0.55 in./s), 
the peak in equiaxed grain fraction at 
about 1 Hz was less marked than at lower 
welding speeds —Fig. 8. 

The maximum value of equiaxed frac
tion, as well as the fraction at higher stir
ring frequencies, generally increased with 
increased titanium content at a given 
welding speed. Comparison of the results 
for the two steels containing 0.29% tita
nium showed that a minor change in the 
aluminum content, from 0.010 to 0.040 %, 
also was effective in increasing the equi
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WELDING SPEED = 3 mm/s 
A .18 SC Ti , .012 ft Al 
o .32 % Ti , .035 56 Al 
• .36 * Ti , .044 * Al 
• .01 * Ti , .108 % Al 
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Fig. 4-Surface equiaxed grain fraction versus longitudinal field fre
quency, for various ferritic stainless steels welded at 3 mm/s. 

2 mm 

Fig. 5 —Surface grain structures in Steel 4093 (0.18 wt-% Ti), welded at 
3 mm/s, using: A — No imposed field; B — field frequency of 0.5 Hz. 
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Fig. 6-Surface grain structures in Steel 4091 (0.32% Ti, 0.035% Al), 
welded at 3 mm/s, with: A—No imposed field; B-a longitudinal field 
frequency of 0.5 Hz. 

Fig. 7 —Surface equiaxed grain fraction versus longitudinal field fre
quency, for various ferritic stainless steels welded at 8 mm/s. 
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WELDING SPEED = 14 m m / s 
A 
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Fig. 8—Surface equiaxed grain fraction versus longitudinal field fre
quency, for various ferritic stainless steels welded at 14 mm/s. 

Fig. 9 - Cross-section of weld in Steel 4093 (0.18 % Ti), made at 14 mm/s 
with a longitudinal field frequency of 3 Hz. 

Fig. 10-Cross-sections of welds made in Steel 4094 (0.29% Ti, 0.040% Al), made at 14 mm/s, with: A—No imposed field; B-a longitudinal field fre
quency of 5 Hz. 

axed fraction, as illustrated in Fig. 7. How
ever, when the titanium content was low 
(0.01%), an increase in the aluminum con
tent to 0.108% did not increase the 
equiaxed fraction — Figs. 4 and 8. 

Cross-sections of the welds showed 
that in some cases the apparent increase 
in equiaxed fraction was limited to the 
surface. This is illustrated in Fig. 9 for the 
steel containing 0.18% Ti. Similar observa
tions were made for the steel containing 
0.01% Ti, even at the highest welding 
speed and a frequency of 1 Hz. However, 
for steels with sufficient additions of tita
nium and aluminum (Alloys 4091 and 
4094), the surface equiaxed fraction at the 
highest welding speed was more repre
sentative of the structure through the 
thickness in both unstirred and high-fre
quency-stirred welds—Fig. 10. 

In other cases, for conditions close to 
the maxima in fraction of equiaxed grains 

at the surface, interpretation of true 
equiaxed fraction was difficult, even with 
combinations of various sections. In these 
stirred welds, combination of arc deflec
tion and fluid flow resulted in complex 
solidification patterns, giving scalloped 
shapes to the fusion boundaries —Figs. 3 
and 5. Columnar grains growing from fu
sion boundaries grew inwards in a fan-like 
arrangement. Cross-sections through such 
welds could appear equiaxed, even where 
the weld was known to be columnar, be
cause the section cut through columnar 
grains at an angle to their axis —Fig. 11. In 
some cases the entire cross-section ap
peared equiaxed (Fig. 12A), although the 
top surface showed columnar grains over 
about half of the surface. In such welds, 
sections parallel to the surface at different 
depths also showed columnar regions (Fig. 
12B), but it was not possible to define the 
equiaxed fraction at a given depth. 

At higher welding speeds or stirring fre
quencies, the weld edges became straight-
er, and cross-sections were easier to in
terpret, as discussed earlier. They sup
ported the general observations that the 
fraction of equiaxed grains increased with 
increases in titanium and aluminum con
tent, and also with welding speed. Further 
increases in field frequency had little effect 
above about 3 Hz. 

Effects of Parallel and Transverse Fields 

Parallel and transverse imposed fields 
deflected the arc laterally or parallel to the 
welding direction, respectively. This de
flection was significantly greater than was 
observed for longitudinal fields. The max
imum practical value of field strength was 
greatly limited by the consequent arc 
blow and loss of penetration. For parallel 
fields, the applicable field strength was up 
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Fig. 11 — Grain structures in Steel 4094, welded at 3 mm/s with a longitudinal field frequency of 0.3 Hz. A 
on view of (A). 

Surface and cross-section (at a-a); B-

to 50 Gauss, but for transverse fields, up 
to 70 Gauss was practical, and with longi
tudinal fields, 150 Gauss was used. 

The effects of imposed parallel and 
transverse fields were examined for some 
of the alloys (4091, 4092 and 4093) using 
a limited range of frequency values for 
welding speeds of 3 and 8 mm/s. In the 
alloy containing 0.32% Ti, using a welding 
speed of 3 mm/s, results for parallel fields 
showed a maximum in surface equiaxed 
fraction comparable to that observed us
ing longitudinal fields. However, cross-
sections showed that at this welding speed 
the effect was limited to the surface, ln the 
other lower titanium alloys, little effect on 
equiaxed fraction was observed. How
ever, Fig. 13 illustrates the complex co
lumnar patterns that can be caused by the 
periodic lateral deflection of the arc for 
parallel fields at certain frequencies. 

When transverse fields were imposed 

at a welding speed of 3 mm/s, a maximum 
in equiaxed fraction was observed at 
intermediate frequencies —Fig. 14. Cross-
sections determined that the peak in equi
axed fraction in the highest titanium alloy 
(0.32%) existed through the thickness at 
about 1 Hz, but was a surface effect at 
higher frequencies —Fig. 15. Examination 
of the surface showed a periodic variation 
in the equiaxed fraction along the length 
of the weld for certain frequencies of 
transverse fields — Fig. 15C. 

At a welding speed of 8 mm/s, no 
increase in equiaxed fraction was ob
served for a field frequency of 66 Hz, in
dependent of titanium and aluminum con
tent, for either the parallel or transverse 
fields. 

Austenitic Stainless Steels 
Effects of Longitudinal Fields 

No significant effects of longitudinal 

fields on the austenitic grain structures 
were observed in either 304 or 321 steels. 
Figure 16 shows cross- and longitudinal 
sections for Type 321 steel welded at the 
highest welding speed with an imposed 
field frequency of 10 Hz; i.e., the fre
quency Matsuda, et al. (Ref. 15), reported 
the maximum grain refinement for this 
alloy. It is clear from these sections that 
columnar austenitic grains grew from 
the fusion boundary to the centerline, 
and that they curved close to the center-
line. As in the ferritic steels, surface nu
cleation effects were observed for aus
tenite grains, but they did not extend very 
far into the welds-Fig. 16A. At slower 
welding speeds the curvature of the 
columnar austenite grains was greater — 
Fig. 17. A transverse cross-section of 
this latter weld would show apparent 
grain refinement close to the centerline, 
due to the orientation change of the grain 

ER 

"*^ 'o^ 2 mm 
Fig. 12 — Grain structures in Steel 4094 welded at 14 mm/s with a longitudinal field frequency of I Hz. A — Cross-section, apparently almost entirely 
equiaxed; B—part of same cross-section and corresponding section almost parallel to the surface, showing columnar grains on one side. 
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o • .2956Ti, .01 CrSsAI 
o • .32s Ti, ,035s?AI 

Closed-surface 
Open - midsectlon 

Fig. 13—Surface grain structure of Steel 4092, welded at 3 mm/s with 
a parallel magnetic field frequency of 1 Hz. 
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Fig. 14 - Equiaxed grain fractions at the surface and midsection versus 
transverse field frequency, for various ferritic stainless steels welded at 
3 mm/s. 

Fig. 15 - Grain structures observed in Steel 4091 (0.32 % Ti) welded at 3 
mm/s with transverse field frequencies of: A— 1 Hz; B-14 Hz; C— 0.7 
Hz. 

Fig. 76 - Austenitic grain structures in Type 321 stainless steel welded at 
14 mm/s with a longitudinal field frequency of 10 Hz. A - Cross-section; 
B- section parallel and close to the top surface. 
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axes. 
The primary ferritic grain structure of 

the Type 321 steel was unrelated to the 
austenite grain structure. This is shown in 
Fig. 18 for a weld made at 14 mm/s with
out the imposition of any magnetic field. 
The contrast between the columnar aus
tenite grains (Fig. 18A) and equiaxed ferrite 
grains (Fig. 18B) is very clear. 

The imposition of magnetic fields had 
no discernible effect on the two types of 
grain structure in Type 321 stainless steel. 
In Fig. 19, the two types of structure are 
compared, for the same region and mag
nification, in a weld made using an im
posed longitudinal field at 10 Hz. Again, 
the austenitic structure (Fig. 19A) was co
lumnar, and the ferritic grain structure (Fig. 
19 B) was highly equiaxed. The same 
results, i.e., equiaxed ferrite but columnar 
austenite, was found for all of the condi
tions investigated for this steel. 

In Type 304 steel, the austenitic grain 
structure was generally columnar for all 
conditions, as shown in Fig. 20A, again for 
the highest welding speed and a field fre
quency of 10 Hz. The columnar region 
near the centerline is clearly evident. The 
apparent change in grain orientation in this 

• _ • • • •/ 

• • - • 

2 mm 

Fig. 17-Austenitic 
grain structure, in a 
section parallel and 
close to the top 
surface, in Type 321 
stainless steel 
welded at 8 mm/s 
with a longitudinal 
field frequency of 
6b Hz. 

figure at about half the distance from the 
fusion boundary is a sectioning effect 
through columnar grains of different ori
entations caused by some curvature of 
the fusion boundary through the sheet 
thickness. Examination of the same section 
at a higher magnification revealed a cen
tral equiaxed ferritic grain structure (Fig. 20 
B), due to nucleation and growth from the 
top surface. As in the 321 type steel, 
however, the grain refinement of ferrite 

did not refine the austenitic grain struc
ture. Further from the weld surface, the 
ferritic grain structure was generally co
lumnar, sometimes with a few coarse 
equiaxed dendrites at the centerline, as il
lustrated in Fig. 20C 

Effects of Transverse and Parallel Fields 

No effects of AC parallel or transverse 
fields on the austenitic grain structures 

:..Jtiiit$ti' W -<*% 

JjWrSj 

1 mm 
l a 

0.5 
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• ' • „ * ' ' '- " ,*V' •: ! 

b 
Fig. 18 — Grain structures in a weld made at 14 mm/s in Type 321 stainless steel without the imposition of magnetic fields. A - Columnar austenite grains; 
B — equiaxed ferrite grains. 
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Fig. 19- Grain structures in the same region of a cross-section of a weld in Type 321 stainless steel welded at 14 mm/s with a longitudinal field fre
quency of 10 Hz. A — Columnar austenitic grains, meeting at centerline at left; B —ferritic grains with equiaxed dendrites. 

£ a. 
3 
UJ 
> 
Ul 
Q 
X o 
tr 
< 
UJ 
«/> 
UJ 
cr 

UJ 

£ 
Q. o 
_ l 
UJ 

> 

X 
o 
OS < 
UJ 
tn 
UJ 

ce 

ui 

o 
cc 
<£ 
Ul 

£ 
0. 
O 
_ j 
UJ > 
UJ 

p 
X 
O 
tr 
< 
UJ 
tn 

UJ 
£ 
a 
O 

o 
tr 
< 
UJ 
</) 
Ul tr 

WELDING RESEARCH SUPPLEMENT 19-s 



Fig. 20 —Grain structures in 
Type 304 stainless steel welds 

made at 14 mm/s with 
longitudinal magnetic fields. 

A —Austenitic grain structure 
parallel and close to the top 

surface, field frequency of 10 
Hz; B — ferritic grain structure in 

same section as A; C —ferritic 
grain structure at the centerline 

of a weld, field frequency 
5 Hz. 
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were observed in these steels. The effects 
on the primary ferrite grain structures 
were not studied in detail. 

Discussion 

Ferritic Stainless Steels 
Mechanisms of Grain Refinement 

The results for ferritic stainless steels 
showed that the fraction of equiaxed 
grains generally increased with increased 
titanium and aluminum contents for a 
given welding condition. Examination of 

the welds at higher magnification revealed 
small particles, rich in titanium and alumi
num, at the centers of many equiaxed 
dendrites. Examples of such particles are 
shown for ferritic and austenitic stainless 
steels, respectively, in Figs. 21 and 22. 
These photographs are believed to be di
rect evidence for heterogeneous nucle
ation of ferrite on Ti-rich cuboidal parti
cles, as discussed more fully elsewhere 
(Refs. 28, 31). In the austenitic steels, the 
subsequent transformation to austenite 
destroys much of the original ferrite (Ref. 

25). However, the shape of the original 
ferrite dendrite and its center are clearly 
evident in Fig. 22. 

The nucleation process has two steps: 
nucleation of titanium-rich cuboids on 
aluminum-rich particles, followed by nu
cleation of ferrite on the cuboids (Refs. 28, 
29). Hence, the grain refinement is more 
efficient with increases of either aluminum 
or titanium, but aluminum alone has little 
effect, as shown in Figs. 4, 7 and 8. 

In austenitic stainless steel welds, the 
primary ferrite grain structures again re-

200 um 
Fig. 21 — Dendritic structure with central nucleating particle (circled) of an 
equiaxed ferrite grain in Steel 4094 welded at 14 mm/s and longitudinal 
field frequency of I Hz. 

Fig. 22 — Central cuboidal nucleating particle in a ferrite dendrite of Type 
321 stainless steel. The ferrite remaining after the transformation to aus
tenite has a curved "vermicular" pattern, especially within the original 
ferrite dendrite, which is darker. 
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Fig. 23 - Schematic diagram of a weld pool moving at velocity V, show
ing the contrast in local solidification velocity, R, and temperature gradi
ent, G, at the fusion boundary (FB) versus the centerline (CL). 

CT 

CP 
O 

C E T ( I O O N ) 

C O L U M N A R 

Log(G) 
Fig. 24 —Plot of local temperature gradient, G, versus solidification 
velocity, R. showing the equiaxed and columnar regions, and the CET, 
as a function of the number of nucleating particles, N (after Hunt, Ref. 
30). Intersection of the line joining FB and CL with the CET boundary de
fines the location of the CET in a weld. 

f leeted the t i tanium levels; mainly co lum
nar in Type 304 and mainly equiaxed in 
Type 321 . 

Effects of Welding Conditions and 
Composition 

The CET in welds requires the presence 
of b o t h potent ia l nuclei and suitable local 
solidification condit ions. The local solidifi
cat ion condit ions in an unst irred full pen
etrat ion w e l d are il lustrated in Fig. 23. At 
the fusion boundary , the temperature 
gradient (G) is high and the local solidifica
t ion veloci ty (R) is l ow , but close to the 
centerl ine the reverse is t rue (Ref. 19). The 
solidif ication tempera ture decreases w i th 
increases in R (Ref. 30). If enough suitable 
nuclei, N, are present, then b e l o w a cer
tain value of G they can g r o w ahead of the 
advancing columnar interface and cause 
the CET. This results in an equiaxed region 
on a p lot of G versus R, as il lustrated in Fig. 
24 (Ref. 30). An increase in N increases the 
equiaxed region of the plot . 

For a given we ld ing cond i t ion , the local 
solidification condit ions vary f r o m the f u 
sion boundary (FB) to the centerl ine (CL), 
and can be p lo t ted on the G-R diagram for 
a given we ld ing speed as il lustrated in Fig. 
24. In addi t ion, the intersection of this FB-
CL line w i th the equiaxed boundary line 
defines the equiaxed fract ion wi th in the 
w e l d . As shown in Fig. 24, increases in N 
wil l result in an intersection closer to the 
FB, giving a larger equiaxed fract ion. In
deed , this explains the effects o f increased 
t i tanium and aluminum. M o r e detai led 
discussion and numerical estimates of the 
values of G and R in the welds w i thou t 
imposed magnetic fields are presented 
elsewhere (see Refs. 28, 31). 

The effects of we ld ing speed also can 
be explained qualitatively using Fig. 24. In
creasing the we ld ing speed increases the 
local solidif ication veloci ty, R. In order to 
maintain full penet ra t ion, the we ld ing cur
rent was also increased w i th we ld ing 
speed, wh ich results in a decrease in G 
close to the centerl ine. Hence, the c o m 
bined effect of these changes in weld ing 

condit ions is to shift the FB-CL line on Fig. 
24 into the equiaxed region, increasing the 
equiaxed fract ion (Ref. 31). 

Effects of Longitudinal Magnetic Fields 

The effects o f the imposi t ion of AC 
longitudinal magnetic fields on the co lum
nar to equiaxed transition (CET) w e r e 
most evident in Type 409 steel welds. A C 
longitudinal fields of frequencies less than 
1.0 Hz certainly increased the fract ion o f 
equiaxed grains at the surface in these 
welds. This ef fect was most p ronounced 
at the lowest we ld ing speed, and was ev
ident even in the steels w i t h l o w titani
u m — Fig. 4. In the lower t i tanium steels, a 
coarser equiaxed grain size resulted (Fig 5 
B versus Fig. 3), and was primari ly a surface 
ef fect — Fig. 9. This suggests that the same 
nucleat ion process was occurr ing in these 
steels, beginning at the w e l d surface. 

This increase in equiaxed f ract ion w i t h 
imposed longitudinal fields may be due to 
a combinat ion of factors. Observat ions 
s h o w e d that some lateral arc def lect ion 
was caused by the imposed longitudinal 
magnetic fields. The m o v e m e n t of the arc 
t o one side w o u l d heat that side, tending 
to increase G and decrease R there, whi le 
having the reverse effect o n the opposi te 
half of the solidifying w e l d , as il lustrated in 
Fig. 25. Fluid f l o w may also inf luence the 
local solidif ication condit ions. The exper i 
ments using Ni tracers revealed that the 

longitudinal fields p roduced reversing 
rearward f luid mo t ion along the side to 
wh ich the arc was def lected Figs. 1, 2. The 
increased f l o w of hot liquid f r o m the f ront 
of the w e l d (near the arc region) along the 
side to wh ich the arc was def lected also 
w o u l d locally decrease the solidif ication 
veloci ty, R, whi le increasing the tempera
ture gradient, thus augment ing the effects 
of arc def lect ion. By the t ime the f l o w 
traveled a round the tail to the other half 
of the solidifying interface, it is expected 
that some of the veloci ty w o u l d be lost. 
This could l ower the tempera ture gradient 
(due to a w ider boundary layer) and 
increase the local solidif ication veloci ty. 
These pred ic ted changes in thermal con 
ditions are parallel to those repor ted by 
Chernysh and Pakharenko (Ref. 22). The 
effects of these thermal changes on grain 
structure are il lustrated in Fig. 26. The side 
w i th the higher G and lower R wil l ex tend 
less into the equiaxed region of the G-R 
plot , reducing the equiaxed fract ion there 
compared to the other half of the w e l d . 
Periodic reversal of the f l o w and arc de
f lect ion should change the half showing 
increased equiaxed fo rmat ion , produc ing 
a w a v y fusion boundary and equiaxed re
g ion, as s h o w n schematically in Fig. 25 and 
in actual welds in Figs. 3 and 1 1 . The exact 
equiaxed fract ion and the equiaxed grain 
size wil l depend on the number of nucle
ating particles, as il lustrated in Fig. 24 and 

Fig. 25 —Diagram 
illustrating how the 
local changes in R 
and G vary around 
the weld tail with 
imposed longitudinal 
fields. 
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Fig. 26 — Plot of G versus R, as in Fig. 24, with different thermal conditions 
near the centerline of Fig. 25, resulting in changes in the fractions of 
equiaxed grains. 

Fig. 27 — Grain structures in a weld in 4091 steel made at 3 mm/s and 
strong longitudinal field of 0.5 Hz, showing the absence of the CET at 
bands caused by changes in fluid flow direction. 

observed in Figs. 5B and 6B. The reversal 
in applied magnetic field does not imme
diately shift the fusion boundary or equi
axed region, due to the time required to 
change the thermal conditions. 

The actual situation can be more com
plex than that described above. The 
present observations show that the equi
axed grain formation begins at the surface 
in steels with low titanium contents or at 
low welding speeds. Surface nucleation 
has been observed in castings, where it 
depends on the heat losses via the surface 
compared to the mold walls (Ref. 32). 
Surface nucleation is enhanced in stainless 
steel welds compared to aluminum alloy 
welds, since the lower thermal conductiv
ities and higher melting temperatures of 
the former result in higher heat losses via 
radiation from their surfaces. 

Dendrite fragments from surface grains 
can form central equiaxed grains in cast
ings (Ref. 32). In the present welds, the 
small thickness of the sheet weld favor this 
phenomenon. Another remarkable fact 
was the turbulent characteristic of the 
fluid motion caused by the imposed fields, 
as detected by visual observations of the 
weld pool. As described above, nucleat
ing particles were observed within many 
dendrites, but even careful successive 
polishing failed to reveal them within 
some grains. Whether they were missed 
due to their small size (less than 5 mi
crometers), or whether surface dendrite 
fragmentation also occurred cannot be 
proved. 

Fig 28 — Diagram of 
a weld made using 

an AC transverse 
field, moving the arc 

back and forth 
parallel to the 

welding direction, 
and causing local 

changes in thermal 
conditions, that can 

be interpreted using 
Fig. 26. 

As the frequency of the imposed field is 
increased, less time is available for the 
thermal conditions to change during each 
cycle. Hence, the equiaxed fraction at high 
frequencies approaches that observed 
with no imposed fields in Figs. 4, 7 and 8. 

Comparison of these figures also indi
cates that the frequency corresponding to 
the maximum equiaxed fraction increases 
with welding speed. This is consistent with 
a prediction by earlier workers (Ref. 24), 
although their interpretation of the grain 
refining mechanism differs somewhat 
from that presented above. 

Matsuda, et al. (Ref. 13), apparently 
observed the CET in several austenitic 
stainless steels, including Types 304 and 
321, under the influence of longitudinal 
fields at welding speeds of 2.5 and 5.0 
mm/s (0.1 and 0.2 in./s). The higher ten
dency of the Ti-containing Type 321 steel 
to show a CET was attributed to the much 
lower distribution coefficient for titanium. 
He suggested that the higher segregation 
of titanium made the roots of the second
ary dendrite arms more slender, so that 
they can be detached more easily by the 
abrupt change in fluid motion due to EMS. 
There was no direct evidence for dendrite 
fragmentation in the present study. All of 
the present experimental evidence sug
gests the necessity of heterogeneous nu
cleation on Ti-rich particles. It is also worth 
noting that when the CET does occur, it 
does not take place directly at the band 
caused by the flow reversal, as might be 
expected if dendrite fragmentation were 

( ( ©I © ( M \ \+ 

taking place at the fusion boundary. In
stead, it occurs a short distance beyond 
the band, as shown in Fig. 27. This incuba
tion distance is attributed to the transient 
distance required to change the thermal 
conditions to those favoring equiaxed 
grain growth. 

Effects of Parallel and Transverse Fields 

Parallel fields deflected the arc sideways 
and qualitatively produced similar effects 
of equiaxed grain formation to those de
scribed above for longitudinal fields. Since 
the imposed fields in this case are parallel 
to the main current flow within the weld, 
and the maximum field strengths were 
lower, the Lorentz forces within the weld 
may be weaker than for longitudinal fields, 
decreasing the effects of fluid motion. The 
lateral periodic arc deflection certainly can 
cause complex solidification patterns (Fig. 
13), which are similar to those described 
for aluminum alloys (Refs. 9-12). How
ever, excessive arc deflection also de
creased weld penetration, which would 
eventually cause incomplete fusion de
fects in real welds. 

Transverse fields forced the arc parallel 
to the welding direction. The imposition 
of AC transverse fields also produced an 
increase in the equiaxed fraction, begin
ning at the weld surface — Figs. 14,15. This 
effect can be explained using the G-R plot 
shown in Fig. 26. In this case, however, the 
variation in thermal conditions occurs 
along the centerline (Fig. 28). Movement 
of the arc backwards increases the ther
mal gradient G and decreases R. This cor
responds to Position 1 in Fig. 26, and de
creases the equiaxed fraction there. The 
reverse magnetic field moves the arc for
ward, lowering G and increasing R, thus 
favoring equiaxed grains. Hence, a varia
tion in the width of the equiaxed region 
may be expected along the weld, as 
shown in Fig. 15C. 

Austenitic Stainless Steels 

The grain structure of the primary fer
rite phase in the austenitic steels was 
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largely determined by the titanium con
tent, i.e., equiaxed for 321 and columnar 
for 304 type steels, with relatively little ef
fect of welding conditions. 

On the other hand, the austenitic grain 
structures remained highly columnar in 
both alloys, independent of welding con
ditions. Although some surface-nucleated 
austenite grains were observed (Fig. 16A), 
these were coarser and occupied less of 
the cross-section than was observed for 
ferritic grain structures. 

The lack of correspondence between 
the primary ferrite and secondary austen
ite grain structures has been reported 
previously (Ref. 29). The secondary aus
tenite structure can be initiated directly 
from the liquid or can be entirely solid 
state, depending on the composition (Ref. 
25) and the solidification conditions. Both 
microstructural observations and the so
lidification sequence predicted from cal
culated chromium and nickel equivalents 
indicate that the initial austenite forms di
rectly from the liquid in these welds (Ref. 
28). The presence of columnar austenite 
grains, in spite of equiaxed primary ferrite 
grains in 321 stainless steel, indicates that 
the secondary austenite grains can bridge 
the gap between the ferrite grains, with
out having to renucleate. This permits the 
austenite grains to remain columnar, inde
pendent of the primary grain structure, 
forming a pattern determined by heat 
flow. Hence, attempts to refine their struc
ture via solidification cannot rely on re
finement of ferrite. 

Conclusions 

GTA welds using various orientations 
and frequencies of imposed magnetic 
fields in thin sheets of ferritic and austen
itic stainless steels have shown the follow
ing results: 

1) Increased equiaxed grain fractions 
were observed in ferritic steel welds with 
increased contents of titanium and alumi
num, and with increased welding speed. 

2) Heterogeneous nucleation of ferrite 
occurred on particles rich in aluminum and 
titanium, beginning near the weld sur
faces. 

3) A maximum in equiaxed grain frac
tion in ferritic steels was observed in a 
wavy pattern at the weld surface, when 
longitudinal fields of less than 1 Hz fre
quency were applied. Frequencies above 
about 3 Hz produced equiaxed surface 
grain fractions comparable to those in 
welds made without imposed fields. The 
maximum can be explained by a model 
that takes into account the changes in the 
local temperature gradient and solidifica

tion velocity caused by observed fluid 
flow and arc deflection. 

4) The equiaxed fraction through the 
thickness of a sheet made using imposed 
magnetic fields can be very difficult to in
terpret, since a given section may cut 
through fan-like columnar grains at vari
ous angles, giving the appearance of equi
axed grains. At sufficient values of titanium 
and aluminum contents and welding 
speed, the structure observed at the sur
face of ferritic stainless steel welds was 
representative of the through-thickness 
grain structure, at least for imposed field 
frequencies not close to those producing 
the maximum in equiaxed fraction of sur
face grains. 

5) Imposed parallel and transverse 
fields qualitatively produced similar effects 
on the equiaxed fractions as the longitudi
nal fields, and also can be explained by 
changes in local solidification conditions. 
However, the maximum field strengths for 
these field orientations were less than for 
longitudinal fields, due to arc blow effects. 

6) The primary ferrite grain structure 
was generally columnar in Type 304 and 
equiaxed in Type 321 austenitic stainless 
steel welds, independent of welding con
ditions. Grain refinement by heteroge
neous nucleation was observed in the 321 
stainless steel, due to its higher titanium 
content. 

7) The austenitic grain structure re
mained essentially columnar in both 304 
and 321 stainless steels, with limited sur
face nucleation, independent of welding 
conditions. However, sectioning effects 
could give misleading evidence of grain 
refinement of this phase, due to surface 
nucleation and curvature of columnar 
grains to follow heat flow. 
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