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Abstract

This report is concerned with the influence of solidified phases on
the metallurgical and mechanical properties of steel weld metals. The
main object is to clarify the effect of the solubility of a solidified
phase on the micro- and macro-segregation of impurities such as sul-
phur and phosphorus at grain boundaries which is apt to cause solidifi-
cation cracking and deterioration of toughness and ductility of weld
metal, using laboratory heats of carbon steels, nickel steels (both have
peritectic reaction), and Ni-Cr steels which have eutectic reaction.
Some of the Ni-Cr steels solidify completely as ferritic or austenitic
phase. The effect of solidification process and phases on blowhole
formation is also discussed and some experimental results are describ-
ed.

The obtained results are summarized as follows:

1. Because of larger solubility of sulphur and phosphorus in alpha
(delta) iron than in gamma iron, a weld metal solidified completely as
alpha phase has less micro-segregation and crack-susceptibility than a
weld metal solidified with gamma phase.

2. Ferritic steel weld metal solidifies generally through peritectic
reaction. And the critical value of the beginning of peritectic reaction
is about 0.1% carbon content in Fe-C system and about 3.5% nickel
content in Fe-Ni system. Weld metal over these critical values has
larger micro-segregation and higher solidification crack susceptibility,
since the peritectic reaction produces a skin of gamma-phase around
primary alpha-phase crystallized metal and solidification completes bet-
ween gamma-phase boundaries, which increases the micro-segregation
of sulphur.

3. The above mentioned facts were again confirmed with Fe-9%Ni
and Fe-16%Cr alloys, which solidify completely as gamma- and alpha-
phase without any reaction during solidification by cast pin test and
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trans-varestraint test of TIG weld.

4. Although gamma-iron has larger solubility of nitrogen and
hydrogen than delta (alpha) iron, as gamma-phase solidified Fe-9%Ni
alloy was much more sensitive to nitrogen blowhole than as alpha-
phase solidified Fe-16%Cr alloy. This fact may be due to the effect
of chromium on increase of nitrogen solubility in molten metal.

1. Introduction

It is well known that solidification process has a significant influence on
metallurgical and mechanical properties of metals and alloys. Solidification process
depends on the kinds of metals and alloys, chemical constituents and solidification
rate, and is accompanied by the following phenomena :

1) Change of solidus—Iliquidus temperature range

2) Isotropic transformation—change of solidifying phase

3) Metallurgical reaction during solidification—with or without peritectic and
eutectic reaction

4) Grain growth or refinement

5) Macro- and micro-segregation, for instance, sulphur and phosphorus in
steel grain boundaries.

6) Occurence or prevention of solidification defects such as crack and porosi-
ty.

The effect of solidus-liquidus temperature range on the solidification (hot)
crack sensitivity of aluminum alloys is well known. And the solidification process
in the foundry has been well investigated. However, the solidification reactions of
steel weld metals have not been sufficiently or systematically studied, compared
with the isotropic A; and A, (pearlitic, bainitic and martensitic) transformations
which play a most significant role particularly in determining the properties of the
heat affected zone of steels.

This report is concerned with the influence of solidified phases on the metal-
lurgical and mechanical properties of steel weld metals. The main object is to
clarify the effect of the solubility of a solidified phase on the micro- and macro-
segregation of impurities such as sulphur and phosphorus at grain boundaries which
is apt to cause solidification cracking and deterioration of toughness and ductility
of weld metal, using laboratory heats of carbon steels, nickel steels (both have
peritectic reaction), and Ni-Cr steels which have eutectic reaction. Some of the
Ni-Cr steels solidify completely as ferritic or austenitic phase. The effect of
solidification process and phases on blowhole formation is also discussed and some
experimental results are described.

2. Microsegregation during solidification with peritectic reaction

2. 1. Effect of peritectic reaction on solidification cracking

Sulphur and phosphorus are well known elements to segregate and to cause
solidification cracking at grain boundaries. Alpha-iron and gamma-iron have diffe-
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Fig. 1. Sulphur solubility of ¢ and r iron.

Temperature, °C

Fig. 3. Phase diagram of Fe-C system.
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rent sulphur and phosphorus solubilities.

As shown in Figs. 1 and 2 respectively,

the solubility of sulphur and phosphorus is much larger in alpha-iron than in
gamma-iron. Therefore gamma-phase solidification is likely to be more sensitive
to grain boundary segregation and cracking than alpha-phase solidification.

In the previous studies!™3) this assumption has been experimentally confirmed
concerning peritectic reaction of Fe-C, Fe-Ni and Fe-C-Ni steels. Both Fe-C and
Fe-Ni systems have peritectic reaction as shown in Figs. 3 and 4.

Molten steels (A), (B), (C) and (D)
in Fig. 4 solidify completely as delta-
(alpha-)phase and molten steel (H) as
gamma phase. Molten steels (E), (F) and
(G) with over 3.5% Ni solidify as pri-
mary delta-phase and at the peritectic
temperature the surface of crystallized
delta-phase reacts with the surrounding
molten steel (L) to produce solidified
gamma phase as shown in Fig. 5. Molten
steel (F) in Fig. 4 solidifies through the
peritectic reaction almost completely as
gamma-phase. The primary delta-phase
of molten steel (G) reacts with the sur-
rounding molten steel through the peri-
tectic reaction transforming completely
into gamma-phase and the remaining mol-
ten steel further continues to solidify as
gamma-phase.

Fig. 6 shows an experimental result
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Fig. 5. Peritectic reaction.
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on the effect of sulphur and nickel contents on hot cracking of weld metal.1~3
The experiments were carried out by CO, arc welding I~ and V-butt joints of
13x120x440mm plates and by detecting hot cracks in weld metal through bead
surface observation and X-ray test. The nickel and sulphur contents of weld metal
were changed by the combination of plates and electrode wires with different
compositions. Fig. 6 shows that the detrimental effect of sulphur on solidification
cracking is remarkable at over the critical nickel content of about 2.5%. Sulphur
content must be less than 0.01% to prevent weld metal from solidification crack-
ing, if weld metal contains more than 2.5% of nickel.

In spite of such low sulphur content, the microanalytical result by an electron
probe microanalyser (EPMA) showed a very remarkable segregation of sulphur at
the crack, which ran through grain boundaries.

But such a remarkable segregation of phosphorus at the crack could not be
recognized and phosphorus seemed to be less responsible for solidification cracking.

Fig. 7 shows the relation between nickel and phosphorus contents and hot
cracking. It seems that there are the critical values of nickel and phosphorus
contents likely to induce solidification cracking; 3% for nickel and 0.02% for
phosphorus.

But, excepting the weld metal containing 0.1% phosphorus and 4.36% nickel,
no remarkable change of phosphorus concentration at grain boundary and no crack
was observed by the EPMA in every weld metal.
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Fig. 7. Effects of nickel and phosphorus contents on hot cracking in
weld metal by submerged arc welding.

If no or a little nickel is contained, the phosphorus segregation is not observed
even in the weld metal containing 0.1% phosphorus as shown in Fig. 8.

On the other hand, a remarkable sulphur segregation at grain boundary and
crack was again recognized in spite of its very small content, as shown in Table 1.
The nickel contents of weld metals in Table 1 are shown in Fe-Ni diagram of Fig.
4.

As shown in Figs. 1 and 2, the solubilities of sulphur and phosphorus in delta
iron are respectively 0.18% and 2.8%, while those in gamma iron are 0.05% and
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Concentration

Distance

Fig. 8. Distribution of manganese, phosphorus and sulphur in weld
metal A (0.03% Ni, 0.1% P and 0.007% S) of Table 1.

Table 1. Chemical compositions of weld metals and
their effect on hot cracking.

Weld Elements, % Occurence| Sulphur
metals | C Si Mn p S Ni | hot erack | concentration ratio

A 0.085 | 0.26 1.33 0.100{ 0.007 | 0.03 No. —

B 0.077 | 0.19 118 0.049 | 0.007 | 0.55 No. -

C 0.083 | 0.22 1.30 0.048 | 0.007 | 2.31 No. 1

D 0.058 | 0.19 1.09 0.048 | 0.009 | 3.02 Yes. 8

E 0.063 | 0.21 1.00 0.022 1 0.009 | 3.42 Yes. 8

F 0.074 | 0.21 1.07 0.100 | 0.008 | 4.36 Yes. —

G 0.059 | 0.20 1.00 0.022 | 0.007 | 5.21 Yes. 10

H 0.059 | 0.19 0.90 0.025 | 0.008 | 6.51 Yes. 10—20

0.3%. Therefore the supersaturated sulphur and phosphorus exist much more in
gamma iron than in delta iron. Delta iron has so large a solubility of sulphur and
phosphorus that the solidification through only delta phase may not cause sulphur
and phosphorus segregation, and the more the solidified gamma-phase produced in
liquid iron, the more the segregation will be at solidified grain boundary. This is
shown in Figs. 9, 10, 11, 12 and 13, which show some examples of charts of the
EPMA.

While weld metal C with 2.31% nickel, 0.048%P and 0.007%S indicates no
crack and no sulphur segregation in Fig. 9, remarkable sulphur and manganese
segregation at the fractured surface of weld metal E with 3.42% nickel, 0.022%
phosphorus and 0.009% sulphur are determined in Fig. 10.
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crack of weld metal F (4.36% Ni,

0.1% P and 0.008% S) of Table 1.

Fig. 11. Segregation of phosphorus at a

Distance
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sulphur at a crack of weld metal

E (3.42% Ni, 0.022% P and

0.009% S) of Table 1.
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Fig. 10. Segregation of manganese and
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% S) of Table 1.

However, phosphorus segregation is not recognized in weld metal E (Fig. 10).
As mentioned above, no phosphorus segregation was found in weld metal A con-
taining 0.1% phosphorus in Fig. 8 However, weld metal F with the same phos-
phorus content (0.1%) and 4.30% nickel shows very significant phosphorus segre-
gation at a fractured surface (Fig. 11).

With further increasing nickel content 5.21%, (Fig. 12) weld metal (G) and
6.51%, (Fig. 13), weld metal H, sulphur segregation becomes more remarkable at
the fractured surface.

The maximum concentration to mean value ratios are given in Table 1 and IVig.
4. The concentration ratio is 1 in delta phase solidification range, 8~10 in peri-
tectic range and 10~20 in gamma phase solidification range.

The concentration ratio increases steeply over ca. 3% nickel content, i. e. in
peritectic reaction, through which the finally solidifying phase is always gamma-
phase. The remaining liquid between the finally solidifying gamma-phase would be
segregated with sulphur and the 3% nickel content over which the peritectic reac-
tion occurs corresponds just to the steep segregation of sulphur at grain boundary
and to the critical value of solidification cracking, as shown in Table 1 and Fig. 4.

Carbon content affects the solidification cracking in the same way as nickel,
as seen from Fig. 14, which shows the relation between carbon content of weld
metal, strength of base metal and solidification cracking. These experimental
results reveal a critical value of 0.1% carbon, which induces solidification cracking
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and just corresponds to the maximum “é
carbon solubility of delta iron, that is, a =
critical value to the Fe-C peritectic reac- %,mo
tion in Fig. 3. =
Figs. 15 and 16 represent again micro- % 90 o t
segregation of weld metals in relation to = ®
the carbon content. % 80 °
No micro-segregation is recognized in & ® ‘
the weld metal containing 0.08%C and 70 ®
0.027%S in Fig. 15, while Fig. 16 shows ¢ ® ®
sulphur segregation at the crack in the @ 60 o
weld metal with 0.14%C in spite of its &
lower sulphur content, 0.01%. 2 50 ®
The experimental results of Table 1 7 o ce |e ®
and Fig. 4 are plotted in the Fe-Ni-C j_, 40 ®
ternary diagram of Fig. 17, which reveals 006 010 014 o018 0.22
that the curve 7;-7, corresponding to Carbon Content of Weld Metal, %

the beginning of ternary peritectic reac-
tion seems to be the boundary between
occurrence of cracking and no cracking. on the hot cracking.

Fig. 14. Effects of carbon content of weld
metal and strength of base metal

@ crack (B crater crack

O no crack
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Fig. 15. Distribution of manganese, phosphorus and sulphur in weld
metal containing 0.083% C, 0.35% Si, 1.13% Mn, 0.017% P
and 0.027% S.
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2. 2. Effect of peritectic reaction on the notch toughness of steel
weld metal

Although carbon is a detrimental element for the notch toughness of steel, the
toughness does not decrease gradually with increasing carbon content. An experi-
mental result in Fig. 18% shows that the notch toughness of cast steels, which are
solidified at the similar cooling rate as in usual submerged arc welding, will
decrease steeply, if the carbon content is increased over 0.13%. Fig. 19 is a
drawing of the cast steel mold for notch toughness test specimen. A critical
value is likely to exist between 0.08 and 0.13% carbon content. This value corres-
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Fig. 18. Effect of carbon content on the Fig. 19. Mold used for the experiment.

notch toughness on cast steel.

ponds also to the critical value of the Fe-C peritectic reaction. This value may
be influenced by the cooling or solidification rate.

It has been also confirmed that the notch toughness of steel weld metal in-
creases remarkably, if the sulphur content is reduced to less than 0.02%, although
this depends upon oxygen content.?’

1t is deduced from these facts that micro-segregation by the peritectic reaction
has a great significance for the notch toughness of steel weld metal. The repeated
test results using cast steel specimens of Table 2 are shown in Fig. 20.

As this figure shows, impact values lower abruptly over 0.1% of carbon
content. This tendency is markedly clear in cases of 20C and 0C. In the case
of —20C, all the specimens were embrittled, but the same tendency was noticed.

According to the above-mentioned results, 0.1% of carbon content is seen to
be a critical value to lower notch toughness of steel weld metal greatly.

This critical value, 0.1% carbon content, is just in good accordance with the
carbon content at the starting of the peritectic reaction in the phase diagram of

Fe-C system?’ shown in Fig. 3.

Using cast steel specimens of Table 3 the same experiment was performed to

know the relation between (Fe-Ni-C) termary peritectic reaction and notch tough-
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Table 2. Chemical analyses of cast steel specimens, S series.

Elements, wt %
Marks C Si Mn P S
S1 0.01 0.29 1.48 0.003 0.013
S2 0.04 0.34 1.28 0.003 0.012
S 3 0.08 0.33 1.43 0. 005 0.014
S4 0.10 0.22 1.45 0. 006 0.010
S5 0.12 0.35 1.64 0.003 0.012
S6 0.15 0.32 1.55 0. 004 0.011
S7 0.20 0.38 1.74 0. 005 0.012
30 I
SC
-o— 20
E \‘ -‘-D'.. 0
g2 i =20
520 s
0 t
g ]
5 :
g t
L2 o
51 -
3 z
A_“~\‘\‘ gv.
Sa O
0 A ] = - M"‘"TI’_
0 005 010 015 020
C o/o
Fig. 20. Effect of carbon content on the Fig. 21. Charpy impact values at 20C in
notch toughness of cast steel the phase diagram of Fe-Ni-C
specimens. ternary system.

Note: O Charpy impact values of
as-cast steel from the re-
ferencel®),

ness.

Fig. 21 shows impact values at 20°C plotted in the phase diagram of Fe-Ni-C
system from the results of impact tests of cast steels in Table 3.

The dotted line AB is connecting two points, one is a starting point of the
peritectic reaction of the phase diagram of Fe-C system (0.1%) and the another
is a starting point of the peritectic reaction of the phase diagram of Fe-Ni system
(3.49%).5) The straight line CD is the peritectic reaction starting line in Fe-Ni-C
ternary system reported by Buckely et al.?> In the report given by Buckely et
al., the experimental points for determining this straight line are not so many.
Therefore, the accuracy of this straight line cannot be certain, but the peritectic
reaction starting line may locate roughly near around these two lines, AB and CD.
The straight line y—y is a line showing the compositions of gamma-phase in
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Table 3. Chemical analyses of cast steel specimens, N series.

Elements, wt %

Marks C Si Mn Ni P S

N1 0.01 0.34 1.37 0.19 0. 004 0. 009
N 12 0.01 0.37 1.73 0.44 0. 004 0. 009
N 13 0.01 0.39 1.31 1.21 0.003 0. 008
N 14 0.01 0.31 1.39 2.51 0.004 0. 009
N 156 0.01 0.33 1.34 3.48 0.003 0. 008
N 41 0.04 0.35 1.52 0.60 0. 004 0.012
N 42 0.04 0.29 1.55 1.00 0. 004 0.012
N 43 0.04 0.38 1.60 1.58 0. 004 0.008
N 44 0.05 0.30 1.38 1.82 0. 004 0. 008
N 45 0. 04 0.29 1.29 1.90 0. 004 0. 008
N 46 0.04 0.33 1.23 2.51 0. 003 0.010
N 47 0.05 0.28 1.58 3.10 0. 003 0.011
N 48 0.04 0.33 1.48 3.61 0. 004 0. 009
N 49 0.05 0.28 1.58 5.85 0. 005 0. 009
N 101 0.10 0.33 1,55 1.06 0. 005 0.011
N 102 0.12 0.35 1.66 3.33 0. 005 0.010
N 103 0.12 0.30 1.48 5.11 0. 005 0. 009

ternary peritectic reaction reported by Buckely et al., and the straight line EF is
the finish line of the peritectic reaction. It is necessary to take account of the
deviation from the peritectic reaction in equilibrium, because the conditions of
this experiment were not in equilibrium state just as in the case of welding. Even
so, it can be seen in this figure that the toughness of steel solidified in the left
downward of the straight line AB, namely, solidified only as delta-phase during
solidification, shows rather high impact values compared with the case of steel
solidified forming gamma-phase around delta-phase through the peritectic reaction,
and it can also be seen that the peritectic reaction gives critical significance on
the toughness of as-solidified steel.

2. 8. Effect of eutectic reaction on solidification cracking in austenitic
steel weld metallls 12

It is well known that a small amount of ferrite in austenitic stainless steel
weld metal is very effective for the prevention of solidification cracking.?® But
the reason why the amount of solidified ferrite observed at room temperature has
an effect on the solidification cracking does not seem to be quite clear.

Circular groove solidification cracking test specimens shown in Fig. 22 were
prepared in three series of Ni-Cr alloyed cast steels containing about 0.15%
sulphur. The groove of the specimen was welded by TIG and MIG welding. The
result is shown in Table 4. The 308 weld metal, which contains 7% ferrite is less
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Table 4. Effects of additional elements and ferrite on the solidification cracking

sensitivity of high sulphur stainless steel weld metal.

Electrode Additional Chemical compositions of weld metal, % Ferrite| Cracked | Solidification
. powder - angle, *
wires elements | ¢ | si Mn¥ P s lcr | Ni|lMol| % | degree | processes
308, 18Cr-8Ni — 0.08]0.44 | 1.20 | 0.034] 0,156 18.18 9.41] — 7.0 7 L—sa+eutectic
316, 18Cr-12Ni-Mo — 0.06 | 0.32 | 1.17 | 0.026] 6.178 18.16 11.52 1.19| 0.8 45 L%éggg;
Mn 0.08 | 0.39 | 3.46 | 0,026 0,192 17.86 10.66) 2.37 | 1.4 9 (@+7)
Ti 0.05 | 0.40 | 1.21 | 0.026] 0.182 18.09 11.52 1.19 | 4.5 0
Zr 0.07 | 1.33 | 1.36 | 0.023] 0.194 17.89| 10.66| 1.24 | 3.8 0
310, 25Cr-20Ni — 0.08 | 0.27 | 1.40 | 0.03 | 0.173 20.88 14.58 — 0 105 Loy
Mn | 0.08]0.25|3.60 | 0.03 | 0.158 20.59| 14.18 — 0 16
Ti 0.08 | 0.32 | 1.52 | 0.03 | 0.164] 20.68 14.32| — 1.2 3
Zr 0.09 | 0.47 | 1.51 | 0.03 | 0.154] 20.52 14.32] — 0.6 3
Base metal, 18Cr-8Ni-S | 0.08 | 0.48 | L.54 | 0.034 0.316 18.42 9‘75} 0.14

# The central angle of crack measured on a circular bead deposited on a plate (13x120x120mm)

sensitive to solidification cracking than
316 and 310 weld metals. The effect of
high-melting point sulphide-formers such
as Mn, Ti and Zr to prevent solidification
cracking is summarized in this table, too.

This result shows that solidification
cracking is not always related to the
amount of ferrite. There are great di-
fferences in solidification process between
308, 316 and 310 weld metals. Fig. 23
shows these three sectional diagrams of
Fe-Ni-Cr system.13~15) 308 weld metal,
which contains a small percentage of fer-
rite, solidifies primarily almost totally as
alpha-phase (Fig. 23 (a)) and the residual
liquid produces a small amount of alpha
-+ gamma eutectic. After solidification,
the weld metal may transform from alpha-
phase to gamma-phase and below about
1000C it should be completely gamma-
phase. However, a small percentage of
ferrite may remain at room temperature
because of prolonged time of alpha-gamma
transformation.

On the other hand, 310 weld metal
solidifies completely as gamma-phase (Fig.

60

1
i<

L
|

mm

Fig. 22. Ni-Cr steel cast specimen for
weld metal solidification crack-

ing

test.

23 (c)). From what was mentioned above in section 2. 1, it is clear that weld
metal solidified as alpha-phase has less segregation of sulphur and would be less
sensitive to solidification cracking. The weld metal, which contains a small per-

centage of ferrite can solidify almost totally as alpha-phase.

This may be the
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reason why this weld metal is less sensitive to solidification cracking.

316 weld metal solidifies through alpha -+ gamma eutectic (Fig. 23 (b)). There-
fore 316 weld metal may be less sensitive to solidification cracking than 310 weld
metal, which solidifies completely as gamma-phase.

Using a number of experimental heats for the same test specimen as Fig. 22
this idea was further confirmed. The experimental results are plotted in Schaffler’s
diagram as shown in Fig. 24. The boundary between occurrence and non-occurrence
of solidification cracking shown by a dotted line has no proportional relation with
ferrite percentages. Rather, this dotted line corresponds to the ternary eutectic
as shown in Fig. 25, in which A series heats of Fig. 24 are plotted in sectional
diagram with ferrite percentage and cracking angle. That is, the heats above the
dotted line (ternary eutectic) in Fig. 24 which solidify primarily as gamma-phase,
are likely to crack and the heats below the dotted line, which solidify as primary
alpha-phase will hardly crack.

Sulphur segreration at the crack was investigated by EPMA as shown in Fig.
26. The heats A1 and A4 reveal much higher sulphur segregation at the primary
crystallized grain boundaries than the heat A 6.

Fig. 26. Sulphur segregation of series A
weld metals.

S. wt %

Chemical composition, wt %

Cr Ni S P

All 15.95| 13.74| 0.142  0.004
Ad| 19.31| 10.43 | 0.135| 0.004
A6| 21.52 8.53 | 0.138 | 0.004

Distance

3. Effect of the simple solidification phases on microsegregation
and solidification cracking!®

In order to confirm the above mentioned effect of alpha- and gamma-solidifi-
cation phases of steel weld metals on micro-segregation, two series of heats were
prepared in the laboratory, which is shown in Tables 5, 6 and Fig. 27. A-series in
Tables 5 and 6 is Fe- about 9 ¢ Ni alloy, which solidifies completely as gamma-
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Table 5. Chemical analyses of specimens.
Elements, wt %
Marks
Ni Cr C Si Mn S P o) N
ASH 8.48 — 0.003 | 0.04 0.16 0.063 | 0.004 | 0.026 | 0.004
ASL 8.62 — 0.003 | 0.09 0.28 0.018 | 0.004 | 0.020 | 0.004
FSH — 15.61 0.003 | 0.32 0.47 0.056 | 0.009 | 0.022 | 0.033
FSL — 15.91 0.003 | 0.33 0.48 0.016 | 0.012 | 0.020 | 0.031
APH 10.02 — 0.004 | 0.05 0.44 0.006 | 0.055 | 0.021| 0.006
APL 9.80 — 0.003 |- 0.06 0.38 0.007 { 0.015| 0.020 | 0.006
FPH — 15.65 0.013 | 0.18 0.61 0.007 | 0.060 | 0.023| 0.031
FPL — 15.18 0.013 | 0.14 0.83 0.007 | 0.022| 0.025| 0.034
1550 T T T 1550 T T T
1534 A - series 1539 F - series
9 % Ni 16 %% Cr
o(_) .
- L L
8 M
2 1500 \— 1500F ]
‘5 \
Q.
5
[
1450 . ' ' 1450 . L .
0 5 10 15 0 10 20 30
Fe . Ni Fe Cr
Welgh’; Percept Ni Weight Percent Cr
a) Fe-Ni binary diagram b) Fe-Cr binary diagram
Fig. 27. Experimental heats compositions which solidify completely as
gamma-or alpha-phase without any metallurgical reaction.
Table 6. Chemical analyses of specimens.
Elements, wt %
Marks
Ni Cr C Si Mn S P o} N
ASHy 9.73 — 0.004 | 0.03 0.37 0.056 | 0.004 | 0.022 | 0.039
ASLy 9.82 — 0.004 | 0.05 0.41 0.016 | 0.005 | 0.031| 0.036
FSHy e 14.90 0.014 | 0.24 0.73 0.062 | 0.006 | 0.027 | 0.035
FSLy — 14. 40 0.016 | 0.20 0.73 0.017 | 0.006 | 0.029 | 0.037
APHy 9. 46 — 0.006 | 0.04 0.47 0.007 | 0.054 | 0.026 | 0.035
APLy 9.56 e 0.005 | 0.05 0.55 0.007 | 0.015| 0.029 | 0.035
FPHy — 14. 64 0.017 | 0.26 0.76 0.008 | 0.054| 0.023| 0.037
FPLy — 14.57 0.015 | 0.24 0.84 0.007 | 0.017 | 0.025 | 0.035
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[}

phase as shown in Fig. 27. F-series in e—g 20—
Figs. 5 and 6 is Fe- about 15% Cr alloy, *(-—D '
which solidifies completely as alpha-phase. cH

“S” and “P” marks in Tables 5 and 6
mean intentional addition of sulphur or
phosphorus and “H” and “L” mean high
and low level of their contents, respec- /
tively. The heats of Table 5 were used
for cast-pin test and the heats of Table 4
6 for trans-varestraint test to investigate
a correlation between micro-segregation
and solidification cracking sensitivity.
Rig. 28 illustrates the cast-pin copper
mold for the solidification cracking test
and the dimensions A, B, C and D in Fig. )
28 were varied as shown in Table 7 to
change the thermal restraint. The thermal
restraint decreases in order of mold No.
0, 1, 2, 3 and 4, and mold No. 0 gives the
largest thermal restraint. After a pre-
liminary experiment, the copper mold for Fig. 28. Cast-pin copper mold for the

i
N

Taper 1/50

NS
€ _|
N
g’

Taper 1/2

X

cast-pin test was designed to obtain a solidification cracking test of
cooling rate the same as in shielded metal cast steel.
arc welding. @ Sprit mold

@ Sprit restraining lock
® Sprit bottom plate
@ Pedestal

Two examples of the cast-pin test
results are shown in Figs. 29 and 30. Both
are the test results with low sulphur and
phosphorus levels. With increasing mold
number, i. e. with decreasing thermal restraint, the cracking ratio decreases in all
cases in Figs. 29 and 30. And there is a distinct difference of cracking ratio

Table 7. Dimensions of the cast-pin copper molds.

Mold No. A, mm B, mm C, mm D, mm
0 90 5.0 6.7 9.6
1 70 5.0 6.3 9.2
2 65 5.4 6.6 9.5
3 60 5.8 6.6 9.8
4 55 6.8 7.6 11.8

between austenitic ASL with 0.018% sulphur and ferritic FSL with 0.016% sulphur
of Fig. 29. However, in the case of specimens containing the same level of phos-
phorus 0.015 and 0.022% in Fig. 30, the difference of cracking ratio is recognized
only at lower mold numbers (larger thermal restraint).

Fig. 31 is the summarized test results with cast molds No. 3 and No. 4 includ-
ing higher level of sulphur and phosphorus contents. While in the case of higher
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Fig. 30. Solidification cracking susceptibility of the cast-pin
specimens.

sulphur content the difference of cracking ratio between austenitic and ferritic
steels is not clear, these are the significant difference in other cases with low
sulphur and both high and low phosphorus.

These solidification tendencies relate well with micro-segregation of sulphur
in Fig. 32 and phosphorus in Fig. 33, respectively. Both figures show the distribu-
tion of sulphur and phosphorus in the matrix and grain boundaries by EPMA.

The experimental results of the trans-varestraint test illustrated in Fig. 34
are summarized in Fig. 35. The trans-varestraint test in Fig. 34 was carried out
as follows: Test specimen of 100x100x3mm on a bending block was bead-on-
plate welded from point A to point C by TIG—welding current 100A, arc voltage
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Fig. 33. Comparison of phosphorus distributions in the
cast-specimens.

i
1
1
= % A i
S| 7
SN N
o o |
5 - !
2 7 %B |
o £ 1
= 2 o~ 1
£ 0 tc :
1
'lr J
Specimen tToIr%h Yo

AT 7”‘?

e[ T
W /////////)?//////// /1K
unit: mm

Fig. 34. Schematic explanation of
trans-varestraint test.



Effect of Solidification Phases on Metallurgical and Mechanical 57

0.7
4 _ N
06— - 06 -1
E o5}~ ~os R -1
£ N
Ky
S 04} 0.4 -
j=4
. N
>
& 03} ~ 0.3}~ N -
° N
£ N
o2 N 1o N -
3
3 N
0.1l 4o N ﬁ S -
Austenitic | Ferritic | Austenitic} Ferritic Austenitic | Ferritic | Austenitic | Ferritic
steel steel steel steel steel steel steel steel
S°%=0056 | S%=0062 | S5%=0.016 | $%=0017 P%=0,054 | P°%=0054 | P%=0015 | P%=0017

High sulphur Low sulphur High phosphorus Low phosphorus

Fig. 35. Comparison of maximum crack length between austenitic
and ferritic steels obtained in the trans-varestraint test.
(Augmented strain: 4.0%)

12.5V, welding rate 150 mm/min, flow rate of argon 24 //min. Both sides of the
specimen were rapidly bent by a twin yoke connected to an oil cylinder, immedia-
tely when the TIG arc arrived at point B (40 mm from A).

The TIG arc moved continuously to point C to avoid crater cracking. The
amount of strain was changed using different curvatures of bending block. Strain
on welded bead was calculated by the following formula:

e=t/2R %100 %,

where f=thickness of specimen in mm, R=radius of curvature of bending
blocks, which were 40, 60, 150, 200, 300, 450, 600 and 750 mm.

Welding thermal cycle at the center of bead was measured by inserting a 0.5
mm in diameter thermo couple of Tungusten-5% Rhenium-Tungusten-26% Rhenium
into the molten pool just behind the arc, as shown in Fig. 36. The surface cracking
of weld bead was observed with three dimensional microscope at a magnification
of 20.

Fig. 37 shows the solidification cracking of bead by trans-varestraint test.
The crack runs perpendicularly to the curvature of bead ripple as shown in Fig.
36 and Fig. 37. This maximum crack length was measured and compared in all
cases in Fig. 35.

Fig. 35 reveals a significant difference of the maximum crack length between
austenitic and ferritic steels, particularily in the case of high sulphur and phos-
phorus contents.

While no significant difference of the relatively large cracking ratio between
austenitic and ferritic steels was recognized in the case of high sulphur by the
cast-pin test in Fig. 31, the rapid and large augmented strain by the trans-varest-
raint test and the maximum crack length evaluation was likely to make the diffe-
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rence of solidification cracking susceptibility between austenitic and ferritic steels
remarkable in all cases.
Fig. 38 illustrates segregation indexes of sulphur and phosphorus, which are

S or P-concentration in grain boundary or matrix
average S or P-concentration

I, or I,=

No segregation is recognized in the matrix in all cases, but remarkable grain
boundary segregation of sulphur is shown in Fig. 38. However, phosphorus grain
boundary segregation is measured only in the case of high level of phosphorus,
0.0549%. The difference between sulphur and phosphorus segregation may be attri-
buted to their solubility difference in alpha- and gamma-phases, as shown in Figs. 1
and 2.

4. Effect of difference between alpha- and gamma-solidification
phase on blowhole formation in weld metall®’

It is well known that gamma-iron has higher solubility of nitrogen and hy-
drogen than delta- or alpha-iron. And a difference of such gas solubility between
liquid and solid phases, i. e. gas distribution coefficient is a main factor which
affects blowhole formation during solidification of molten metal. If a molten
metal had the same solubility and it solidified as gamma- or delta-phase, the
gamma-solidified metal should be less sensitive to blowhole formation than delta-
solidified one since gamma-solidified metal has less gas distribution coefficient
than delta solidified one.

Using 10% Ni steel and 15% Cr steel
which solidify completely as gamma and

delta-phases respectively without any Aﬁf\];g} 10% Ni-Fe 15%,Cr-Fe
transformation (cf. Fig. 27), the effect

of solidified phase on blowhole formation 0

in weld metal was investigated. Test

specimens of 100x50x3 (mm) were pre- 5

pared from these steels and bead-on-plate

TIG welded with argon plus different
amounts of nitrogen in the shielding gas.
The experimental results are shown in
Fig. 39. While 154 Cr-steel weld metal 15
produces blowholes with shielding gas
containing over 15 vol. % nitrogen, 10% 20
Ni-steel weld metal produces a lot of
blowholes with shielding gas of 5 vol. %
nitrogen. This result seems to be con-
tradictory to the above mentioned dif-
ference of distribution coefficient since
109 Ni steel of gamma-phase may have much larger gas solubility than 15% Cr
steel of delta phase. The reason for this may be attributed to the difference of
gas solubility of the two molten steels, which is affected by chemical composition
as shown in Figs. 4020~23) and Fig. 41.24 2%

Welding direction

Fig. 39. Relation between blow holes and
nitrogen in shielding gas.



60

1. Masumoto

0.4 i
02¢ 4
T o1 . o4
2 N . ,
.k ] 02 —3
zI ] .
0.04 J 3 O 15Cr-Fe
| = 0.04} 9 Y
| 0.02 ¢ 10Ni-Fe
—————
001 I ' ‘ 1200 1300 1400 1500 1600 1700
0 10 20 30 40 00 1300 5
Fe~Ni,wt % Ni Temperature , °C

Fe-Cr,wit%Cr
Fig. 40. Solubility of nitrogen in liquid
Fe-Ni, Fe-Cr alloys at 1600C

and 1 atm pressure of Nj.
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Chromium increases nitrogen solubility in molten steel, but nickel decreases
the solubility. Kobayashi et al.26> have already reported that with increasing of
chromium content in weld metal, the amount of blowholes decreases and nitrogen
content in weld metal increases, while with increasing of nickel content, nitrogen
content in weld metal decreases after a slight increase at lower content and that
significant blowholes are recognized over the whole range. Although the amount
of nitrogen in the shielding gas mixture was the same for both 10% Ni-Fe and
15% Cr-Fe, the amount of nitrogen of weld pool was not always the same.

If the molten pool contains gas in excess of its solubility, then bubbling can
occur and porosity may remain in weld metal. Moreover, if molten pool contains

Table 8. Chemical analysis of specimens.

Elements, wt %
Symbols
Ni Cr C Si Mn P S N

A 19-0) 19.36 - 0.004 |<C0.02 |<0.02 0.003 0.004 0.002
B (13-7) 13.25 6.97 0.005 | <0.02 |<0.02 0.003 0. 004 0. 006
C (9-10) 9.42 10. 44 0.009 | <0.02 |<0.02 0. 005 0.005 0.004
D ( 9-11) 9.35 10.68 0.012 0.02 |<0.02 0.003 0.009 0. 006
E (7-11) 7.37 11.33 0.012 | <0.02 |<0.02 0.002 0.007 0. 005
F (0-19 - 18.99 0.003 |<0.04 |<0.02 0.004 0.009 0.007
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an amount of gas within the range of the solubilities of solid and liquid phase of

weld metal, there is a possibility of blowhole formation in molten pool near the

fusion line (solid-liquid interface).26>

Therefore not only the solubility of solidified

phase but also that of molten metal has a significant effect on blowhole formation.
In order to study the effect of solidification phase and chemical composition
on blowhole formation in weld metal, a series of specimens of Cr-Ni steels were

prepared for investigation of nitrogen porosity in weld metal.
tions are shown in Table 8 and Fig. 42.

Chemical composi-
The heats for these specimens were
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Fig. 43. Dimensions of test specimen.
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Fig. 44. Effect of nitrogen content in
shielding gas on porosity of weld
metal of A series (20 Ni-0 Cr).
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melted by vacuum high frequency furnace, using pure electrolytic iron, nickel and
chromium. The specimens were forged and machined as shown in Fig. 43. The
center of the 13.5x40x6 mm specimens was bead-on-plate TIG welded with diffe-

rent amount of nitrogen mixed in the argon shielding gas.
three examples of the experimental results.

Figs. 44 45 and 46 are
While in case of 20 Ni-OCr (Fig. 44)

the critical amount of nitrogen in shielding gas to produce porosity is 0.9 vol. %,

Np Bead appearance

Ar+N; @ - 1
(vorsi2)  Jelding direction

Radiograph

0.0

22

3.7

42

46

59

Fig. 45. Effect of nitrogen content in
shielding gas on porosity of weld
metal of D series (8 Ni-11 Cr).
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the critical values are 5.9 vol. % for 8 Ni~-11Cr and 8 vol. % for ONi-20Cr. These
critical values are plotted in Fig. 47. With decreasing nickel content and increasing
chromium content, the critical values increase as shown by the dotted line in Fig.
47. The nitrogen content of each weld metal was determined according to JIS G
1228 and the results are illustrated in Fig. 48 in which thin line means no blow-
holes and thick line indicates blowhole formation. The nitrogen content in shielding
gas at the intersection of the two lines indicates above mentioned critical nitrogen
content (N*) to produce porosity.

The nitrogen solubility (Cs) of each solid specimen was determined after
nitrogen absorption in 509 H,-Ar-+N, atmosphere at 1400°C. And the solubility
(Cp) in liquid phase of each specimen just above the meiting point was calculated
by Wada's formula.2?) The maximum nitrogen (Max-N) content of each specimen
with different shielding gas, and N* are plotted together with C, and Cg in Fig.
49 and summarized in Table 9.

Fig. 49 which shows the critical nitrogen content, maximum nitrogen solubilities
of molten and solidified Ni-Cr steels, reveals that the critical nitrogen contents
lie between the two solubilities C; and Cs.

Table 9. Results of experiment.

Symbols K N* I Max. N Cu(C) Cs k
A (19- 0) 0.31 0. 030 0.77 0. 056 0.030(1478) 0.009 0.30
B (13-7) 0.57 0.075 1.44 0.111 0.080(1483) 0.049 0.67
C (9-10) 0.60 0.122 6.05 0.137 0.126(1483) 0. 095 0.75
D ( 9-11) 0.64 0.118 3.61 0.144 0.129(1482) 0. 100 0.78
E (7-11) 0.68 0.133 4.20 0.158 0. 142(1487) 0.116 0.82
F (0-19 0.83 0.216 7.62 0. 256 0. 314(1507) 0.123 0.39

Note: K'= /Py, /N, N¥=Critical nitrogen content in weld metal.
%%=Critical Ny in shielding gas.
Max. N=Maximum nitrogen content in weld metal.
Cr=Nitrogen solubility of liquid metal at melting point.
Cs=Nitrogen solubility of solid metal at 1400C, Pxo=1atm.
lk=Cu/Cs (k: Distribution coefficient)
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03 Table 10. Results normalized with Cu
2 Symbols k(=Cs/Cv) N*/Cwu
z A (19- 0) 0.30 1.00
=z
02 B (13- 7) 0.67 0.94
= C (9-10) 0.75 0.97
§ I E 7-11 . D ( 9-11) 0.78 0.92
c W E (7-11) 0.82 0.94
g’m;L F (0-19) 0.39 0.69
=1 A19Ni-0Cr ] Note: k=Distribution coefficient.
Cr=Nitrogen solubility of liquid

00 metal at melting point, Png

1500 1550 1600 1650 1700 1750 1800 =1atm.

Temperature, T °C Cs=Nitrogen solubility of solid

Fig. 49. Effect of chemical compositions metal at 1400C, Png=1atm.
on nitrogen solubility of liquid N#=Critical nitrogen content in
80% Fe-Ni-Cr alloy. weld metal.

Table 10 shows the normalized critical nitrogen content with solubility N*/Cg
of each molten metal. These values decrease with increasing chromium content
and decreasing nickel content. And the normalized critical nitrogen content N*/Cz
seems to be inversely proportional to the distribution coefficient from weld metal
A to E. However weld metal F is quite exceptional. Blowhole formation depends
not only on distribution coefficient but also on the diffusion constant of gas in
molten pool and its surface tension as follows.27

The condition for formation of a bubble with diameter d near a solid-liquid
interface is,

U0 TS

C, C,Jo C D
where C(d) : gas concentration around the bubble with diameter d
C; : gas solubility in molten metal
o . surface tension of molten metal
D : gas diffusion coefficient in molten metal
R : solidification rate of molten metal

Pa  : atmospheric pressure

And blowhole formation is not the same as for porosity in weld metal. The latter
depends further on the solidification rate of molten pool.2” After considering of
all these factors by the above mentioned mathematical model, the only reason for
the exceptional behavior of weld metal F seems to be attributable to temperature
coefficient of nitrogen content of each weld metal as shown Fig. 48, though this
point should be further investigated. Fig. 50 illustrates the critical nitrogen con-
tent relating to nitrogen solubility of molten metal at various temperatures.
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Symbol | Mark Note
Nitrogen solubility at

C. |~EB—|melting point, PNz = 1atm
(Calcuiated value)
e Nitrogen solubility in
03 cs |+ sohdgmeta! at 11»)60 C,
Pn2=1atm
Max. N | ~@~— | Maximum N
NX | —O—| Critical N

, wt %

o
™

0

Nitrogen content

Fig. 50. Relation between chemical composi-
040‘ — '“" : tion and nitrogen solubility, maximum

b
A B CDE F N and critical N.
wt%Ni 20 15 10 5 0
wtCr 0 5 10 15 20
wt°,Fe 80 80 80 80 80

5. Conclusion

The effects of solidification phases on metallurgical behavior, i. e. micro-
segregation, solidification cracking susceptibility and blowhole formation of steel
weld metal were experimentally studied. Considering great difference of solubili-
ties of sulphur and phosphorus between alpha- and delta irons, ferritic steel cast
specimens of Fe-C, Fe-Ni and Fe-Ni-C systems and high alloyed steel cast speci-
mens of Fe-Cr-Ni system were used to investigate the effect of peritectic and
eutectic reaction on micro-segregation and solidification cracking.

Particularly high alloyed heats of Fe-Ni and Fe-Cr system, which solidify
completely as gamma-or alpha phase without any reaction during solidification
were used to confirm the effect of solidification phases on micro-segregation,
solidification cracking and blowhole formation.

The obtained results are summarized as follows:

1. Because of larger solubility of sulphur and phosphorus in alpha (delta) iron
than in gamma iron, a weld metal solidified completely as alpha phase has less
micro-segregation and crack susceptibility than a weld metal solidified with gamma
phase.

2. Ferritic steel weld metal solidifies generally through peritectic reaction.
And the critical value of the beginning of peritectic reaction is about 0.1% carbon
content in Fe-C system and about 3.5% nickel content in Fe-Ni system. Weld
metal over these critical values has larger micro-segregation and higher solidifi-
cation crack susceptibility, since the peritectic reaction produces a skin of gamma-
phase around primary alpha-phase crystallized metal and solidification completes
between gamma-phase boundaries, which increases the micro-segregation of sulphur.
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3. The ahove mentioned facts were again confirmed with Fe-9%Ni and Fe-
16%Cr alloys, which solidify completely as gamma- and alpha-phase without any
reaction during solidification by cast pin test and trans-varestraint test of TIG
weld.

4. Although gamma-iron has larger solubility of nitrogen and hydrogen than
delta (alpha) iron, as gamma-phase solidified Fe-9%Ni alloy was much more sensi-
tive to nitrogen blowhole than as alpha-phase solidified Fe-16%Cr alloy. This fact
may be due to the effect of chromium on increase of nitrogen solubility in molten
metal.
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