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ABSTRACT. This study was conducted to 
clarify the effects of low-temperature eu- 
tectic on solidification cracking of boron- 
added AISI 304 austenitic stainless steel 
welds. This steel is often used in the fab- 
rication of nuclear shields and reactor 
control rods. Experimental results con- 
firmed that the lower solidification crack- 
ing susceptibility of high B steels is 
mainly due to the healing of cracks by the 
abundant amounts of low-melting-point 
eutectic liquid of (Cr, Fe)2B and y-Fe. This 
was directly observed in the hot-stage 
microscope. It was also confirmed that 
high P-and S-content welds show high 
solidification cracking susceptibility. 

Introduction 

Because of their ability to absorb ther- 
mal neutrons, stainless steels with boron 
additions are used in the fabrication of 
nuclear shields and reactor control rods. 
Presently, since these steels are also 
being tested as container or rack mater- 
ial for densified storage and transport of 
spent nuclear fuel (Ref. 1), it is expected 
that the demand for boron stainless steels 
will increase. 

However, it has often been recom- 
mended that the amount of boron added 
be limited to very small quantities since the 
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presence of boron generally increases the 
solidification cracking susceptibility of 
stainless steel welds (Reg. 2, 3). 

A previous investigation (Ref. 4) was 
carried out by the authors on the solidifi- 
cation cracking susceptibility of GTA 
welds made on AlSl 304-type austenitic 
stainless steels (referred to as AISI 304-B 
hereafter) containing 0.2 to 1.0 wt-% 
boron. It was found that the solidification 
cracking susceptibility (evaluated by 
Varestraint testing) is maximum at 0.2 wt- 
% boron, decreases for boron additions 
of 0.5 wt-% or more, and that the high 
cracking susceptibility at 0.2 wt-% boron 
is due to the wide solidification temper- 
ature range, the poor ductility at high 
temperature and the inhibition of ferrite 
formation, which results in fully 
austenitic weld metals being obtained. 

It was also shown experimentally that 
boron additions of 0.5 wt-% or more re- 
duce the coefficient of thermal expan- 
sion, narrow the solidification tempera- 
ture range, cause refilling of cracks and 
increase the hot ductility, thus lowering 
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crack susceptibility. 
Apblett (Ref. 5) and Borland (Ref. 6) 

have reported that the tendency of solid- 
ification cracking is closely related to the 
amount of boron eutectic formation with 
low melting temperatures. They also sug- 
gested that a crack healing phenomenon 
will occur and decrease crack suscepti- 
bility if the amount of boron added is 
above its solid solution limit. 

The above suggestion on the relation 
between low-temperature eutectics and 
solidification cracking has found support 
in a study made by lto, et al. (Ref. 7), on 
18Cr-15Ni steels containing up to 1.6 wt- 
% boron. It was shown that although the 
amount of boron eutectics increases with 
boron addition, solidification cracking is 
maximum at 0.03 wt-% boron, but does 
not occur at all when the boron content 
exceeds 0.5 wt-%. 

Based on results of experiments con- 
ducted on Inconel 800 alloys with up to 
0.3 wt-% boron, Saito, et al. (Ref. 8), have 
suggested that the decrease in cracking 
tendency when excess boron is added is 
due to the widening of the critical tem- 
perature range, which promotes the heal- 
ing of cracks by Cr2B liquid eutectic. 
However, the above authors do not seem 
to have obtained experimental confirma- 
tion of the healing phenomenon due to 
boron. Also, the existence of boron eutec- 
tics has not been made sufficiently clear. 

Since the results of our previous study 
(Ref. 4) suggested that the decrease in 
crack susceptibility at boron contents ex- 
ceeding 0.5 wt-% is strongly related to 
the above healing effect, the current 
study was undertaken to experimentally 
confirm the effects of low-temperature 
eutectic on solidification cracking of AISI 
304-B welds. 
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Experimental Procedures and 
Material Preparation 

Materials 

The materials used in the study were 
AISI 304 austenitic stainless steel heats, 
containing varied amounts of B, P and S 
as shown in Table 1. Group I steels have 
high nominal P and S contents of 0.042 
and 0.015 wt-%, respectively, while 
those in Group II have low P and S con- 
tents of 0.030 and 0.006 mass %, re- 
spectively. In each group, the boron con- 
tent was varied from 0 to 1.0 wt-%. The 
experimental heats, in the form of 6-mm- 
thick plates, were solution treated by 
heating to 1323 K for 0.5 h and water 
quenching. 

Weld Specimens 

Table 2 shows the GTA welding para- 
meters and the Varestraint test conditions. 

Table 1 - -Chemica l  Compositions (wt-%) of 

Autogenous GTA welding was carried out 
in the transverse direction on 250 x 120 x 
6-ram (10 x 4.7 x 0.24-in.) thick plates. 
Solidification cracking was made to 
occur by the application of strains up to 
2% during welding. Measurements and 
observations of solidification cracks were 
made on 10 x 10-mm (0.4 x 0.4-in.) spec- 
imens located as shown in the figure at 
the bottom of Table 2. 

Investigation of Crack 
Surroundings 

In order to characterize the low melt- 
ing temperature eutectics in AISI 304-B 
weld metal, particularly in the vicinity of 
the solidification cracks, the following 
investigations were carried out: 

1) Regions of eutectic formation and 
area ratio. The vicinity of the solidifica- 
tion cracks was observed by optical mi- 
croscope and SEM in order to identify the 
regions where the eutectics were formed 

the Experimental Heats of Stainless Steels 

Group No. C Si Mn P S Ni Cr B 

1 0.020 0.70 1.17 0.042 0.012 10.48 18.33 0 
2 0.020 0.88 1.27 0.041 0.015 10.39 18.24 0.20 

I 3 0.040 0.89 1.18 0.044 0.018 10.00 17.74 0.64 
4 0.029 0.83 0.97 0.043 0.012 10.34 18.47 0.78 
5 0.022 0.76 1.01 0.044 0.014 10.37 19.41 0.97 

6 0.021 0.78 1.30 0.030 0.004 10.48 18.44 0 
7 0.021 0.93 1.35 0.029 0.006 10.39 18.34 0.22 
8 0.020 0.84 1.21 0.032 0.009 10.21 18.18 0.34 
9 0.022 0.89 1.31 0.032 0.008 10.19 18.31 0.40 

10 0.018 0.77 0.97 0.031 0.004 10.44 18.42 0.64 
11 0.027 0.83 0.98 0.029 0.004 10.54 18.24 0.77 
12 0.030 0.99 1.30 0.033 0.009 10.30 18.39 1.01 

Note: 1) Heat treatment: 1323 K x l . 8  ks-)W.Q. 
2) Thickness: 6 mm 

Welding conditions 

Arc length 
Electrode 
Shielding gas 
Weld cracking test 
Strain applied 
Specimen size 

Note: Specimen location. 

Table 2 - -  Welding and Weld Cracking Test Conditions 

GTA welding, DCEN, 180A, 13V, 1.67 mm/s 

2 mm 
JIS YVVTh-2, 3.2 mm~ 
Pure argon 0.25 e/s 
Transvarestraint test 
Max. 2.0% 
6 mm t x 120 mm w x 250 mm ¢ 

Weld 

S p e c i m e n  ( A p p r o x .  
\ ' 1 0 x l 0 m m "  

J-~-" - - -  1 "-'~ Welding 

/ J bead //V--- --~-- 
Solidification Ripple line formed 

crack 

d i r e c t i o n  

a t  t i m e  
o f  s t r a i n  a p p l i c a t i o n  

and to determine the area ratio. The mea- 
surement of area ratio was carried out on 
a 1.8 x 2.4-mm (0.07 x 0.09-in.) region 
located behind (i.e., away from the weld- 
ing direction) the ripple lines formed at 
the time of strain application (referred to 
as ripple lines hereafter), by computer-as- 
sisted image analysis of micrographs 
taken at a magnification of 40X. 

2) Measurement of eutectic melting 
temperatures. Varestraint test specimens 
were observed at a magnification of 
IO0X in a hot-stage microscope, as illus- 
trated in Fig. 1, in order to measure the 
eutectic melting temperatures. A Pt-Rh 
thermocouple was attached to the pol- 
ished and etched surface (10% oxalic 
acid electrolytic-etch) of 10 x 10 x 6-mm 
specimens, and the transformations oc- 
curring in the eutectics during heating 
were observed. The specimens were 
heated to 1273 K at 3.6 Ks initially, and 
then at two different heating rates of 
0.067 K/s and 0.033 K/s, up to a maxi- 
mum temperature of 1460 K. 

3) Observation and identification of 
eutectic formations. TEM observation of 
extraction replicas was used for mi- 
crostructural observation of the eutectics 
formed during the solidification cracking 
tests, and electron diffraction was used 
for phase identification. EPMA was used 
to determine the distribution of elements 
in the crack vicinity. 

The replicas for TEM observations 
were extracted from 2 x 2-mm (0.08 x 
0.08-in.) regions near the ripple line 
where eutectics were formed and from 
regions in the weld metal about 2 mm 
away from the eutectic formations. The 
replicas were obtained by depositing a 
carbon film on the polished and etched 
(Vilella's reagent etch, glycerin: HNO3: 
HCI = 3:1:2) surface of each specimen, 
followed by extraction in 5% alcohol 
bromic acid. 

Results and Discussions 

Solidification Cracking Test Results 

Figure 2 shows the effect of boron 
content on the maximum crack length 
(without backfill) when the applied strain 
is 1%. It can be seen that the crack sus- 
ceptibility is highest at 0.2 wt-% B irre- 
spective of the P and S contents, and that 
the heats with higher content of impuri- 
ties have somewhat higher crack suscep- 
tibility. As the B content increases be- 
yond 0.2 wt-%, the crack susceptibility 
decreases gradually, and irrespective of 
the P and S contents, no cracking is ob- 
served when the boron content reaches 
1.0 wt-%. However, cracking suscepti- 
bility depends on the impurities in the 
weld metal between 0.2 and 1.0 wt-% for 
the same B contents. 
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The boron-free stainless steel weld 
had 6.5-7% ferrite as measured by ferrite 
scope, however, the addition of B made 
fully austenitic structures with 0% ferrite, 
as observed by optical means and mea- 
sured by ferrite scope. This change in fer- 
rite content seems to accelerate cracking 
tendencies with the addition of boron. 

Figure 3 shows the external appear- 
ance of the weld beads of the low P and 
S alloys with 0, 0.20 and 0.78 wt-% B 
heats when the applied strain is 2%. 
Comparing the results of the 1% strain 
test illustrated in Fig. 2, these samples 
with 2% strain showed severe cracking 
tendencies. The longest cracks initiating 
from the center of the beads are almost 
perpendicular to the ripple lines. The po- 
sition of crack initiation is immediately 
next to the ripple line in A, but moves 
gradually away from the ripple lines in B 
and C. 

The distance (I) from the ripple line to 
the point of crack initiation was measured 
and is shown in Fig. 4 as a function of 
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Fig. 1 - -  Schematic diagram showing the vacuum chamber o f  the high-temperature microscope 
used for measuring the eutectic melt ing temperature. 

Table 3 - -  Effect of P, S and B Contents on Crack Length 

Distance from ripple 
line formed at time 
of strain application 

End of crack tip (L) 

Start of crack tip (e) 

Result 

1) Increases on increase of 
P and S content 

2) Decreases on increase of 
B content 

3) Decreases on increase of 
P and S content 

4) Increases on increase of 
B content 

Note: Ripple l ine formed at the t ime of strain application. 

Crack 
Weld bead l I 

Possible reasons 

Expanding BTR 

~) Recovery of ductility 

(~ Increase of crack 
opening width 

(~ Refilling effect 

K~_ Welding direction 

4 I (wt. %) 

0.012~0.018 
O 0.029~0,033 P 

3 ~ O • 0.004~0.009 S 

AISI 304 , 6mint 
180A 13V, 1.67mm/s p 

0.2 0.4 0.6 0.8 1"~0 
B o r o n  c o n t e n t  (wt.%) 

t 

1.2 

Fig. 2 - -  Varestraint test results obtained for an 
appl ied strain o f  1%. 
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Fig. 3 - -  Appearance o f  weld beads after Varestraint testing with 2% appl ied strain. A - -  0% B; B - -  0.20%; C - -  0.78% B. Note: The arrows indi- 
cate r ipple l ine at the t ime o f  strain application. 
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Fig. 4 - -  Effect of boron content on the distance between the crack tip and ripple line formed at 
the end of  strain application. 
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B o r o n  c o n t e n t  (wt.%) 

Fig. 5 - -  Effect of  boron content on the distance between the crack tip and ripple line formed at 
the end of strain application. 

boron content. The solidification crack 
initiation line was defined in a previous 
report using high-speed photographs dur- 
ing Varestraint tests (Ref. 9). It is clear from 
the figure that this distance increases lin- 
early with increasing B content. It is also 
evident that the distance is longer in the 
low-impurity heats compared to those 
with high P and S contents. 

Figure 5 shows the relation between 
boron content and the distance (L) from 
the ripple line to the end of the crack. 
This distance L reaches to the maximum 
at 0.2 wt-% B and becomes shorter as the 
B content increases beyond 0.2 wt-%. 

This trend is similar to the solidifica- 
tion cracking trend shown in Fig. 2. How- 
ever, it should be noted that in the case 
of the heats with low-impurity content, 
the decrease in L is relatively small at B 
contents of 0.34 wt-% or more. This im- 
purity-content-dependent difference in 
the cracking tendency is thought to be 
due to differences in the width of the 
solid + liquid region of the phase diagram 
and in the conditions of liquid film for- 
mation of the grain boundaries. 

The above results of Figs. 4 and 5 in- 
dicating the effects of P, S and B on crack 
length have been summarized in Table 3, 
together with their possible causes. The 
decrease in the distance L from the ripple 
line to the end of the crack with increas- 
ing B content results from the decrease in 
crack length due to recovery of hot duc- 
tility as has been reported in the earlier 
study (Ref. 4). The distances of L seemed 
to correlate with solidus temperatures of 
the weld metal. These solidus tempera- 
tures were decreasing from 1675 to 1625 
K with increasing B contents up to 0.1 wt- 
%, which were measured by a differen- 
tial thermal analyzer (Ref. 4). 

The increase in the distance (I) from 
the ripple line to the crack initiation point 
with increasing B content is believed to 
be caused by a healing effect resulting 
from the refilling of cracks in the high- 
temperature regions closer to the arc. The 
increase in the distance L and the de- 
crease in I when the P and S contents are 
increased appear to be due to the widen- 
ing of the brittle temperature range and 
the increase in the crack opening amount. 

Figure 6 shows SEM micrographs in 
the vicinity of a solidification crack in the 
weld metal of the 0.78 wt-% B heat with 
high P and S contents. The crack is at a lo- 
cation far behind the ripple line as shown 
in A. Its width is large at the crack initia- 
tion point but narrow at the crack end as 
shown in C and B, respectively. A wide 
white area indicating the existence of low 
melting point-eutectic can be recognized 
at the right side (i.e., on the high-temper- 
ature side) of the crack initiation point. 

This white region extends up to the 
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(b) End of crack tip 

Ripple line formed at time 
of strain application 

~ _ _ ~ = ~  ~ ~Welding direction 

TIG welded bead 
/ 180A, 13V, 1.67mm/s 

/Veld White Applied strain : 0.5% 

ii 
(c) Start of crack tip (d) 

Fig. 6 - -  SEM micrographs o f  the vicini ty o f  sol idi f icat ion cracks in boron-added AIS1304 welds. A - -  Crack forms away from r ipple l ine; B - -  end 
o f  crack tip; C - -  start o f  crack tip; D - -  Width o f  white area becomes smaller closer to the r ipple line. Note:  Arrows in the micrographs indicate 
crack tips. 

vicinity of the ripple line where its width 
becomes smaller as shown in D. Such 
wide, white areas are not observable to 
the left (i.e., low-temperature side) of the 
end of the crack. These observations in- 
dicate that the wide, white region was 
formed immediately after crack initiation 
by low-melting-point eutectics flowing 
into the high-temperature side of the crack 
opening and refilling the crack (i.e., heal- 
ing effect). These white regions of eutectic 
were therefore investigated in detail. 

Eutectic Formation at Crack Tips 

Figure 7 compares typical SEM mi- 
crographs of crack tip areas of three heats 

of AISI 304-B steels from Group I with 
high P and S contents. In B and C, the 
cracks have large widths and white re- 
gions indicating the presence of eutectic 
formations. The white region is particu- 
larly wide in the 0.78 wt-% B steel. In the 
heat without boron (micrograph A), no 
eutectic is observable at all. 

The eutectic area ratio (i.e., the ratio 
of the area of the white regions to the 
total area of the field of view) is shown as 
a function of the boron content in Fig. 8, 
and it can be seen that the area ratio of 
eutectic increases linearly with the boron 
content. Also, compared to the high P 
and S steels, the eutectic area ratio tends 
to be greater in the low P and S steels. 

Eutectic Melting Temperature 

The results of measurement of the eu- 
tectic melting temperature in the 0.78 wt- 
% B steel, as observed in a hot-stage mi- 
croscope, are presented in Fig. 9 for a 
heating rate of 0.067 K/s (from 1273 K). 
The three inset photographs show the 
microstructures in the vicinity of a solid- 
ification crack at different temperatures. 
On heating, eutectic melting com- 
menced at 1451 K and was completed at 
1455 K. 

The inset micrograph 1 in Fig. 9 shows 
the microstructure at 1450 K just before 
melting commenced. Below this temper- 
ature, the eutectic and the dendritic 

Fig. 7 -  SEM micrographs in the vicinity o f  sol idi f icat ion cracks in boron-added and boron-t?ee AISI 304 welds with high P and S. White regions 
are eutectic formations. A - -  0% B (No. 1); B - -  0.20% B (No. 2); C - -  0.78% B (No.4). 
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0 0.012--0,018 wt % S 

[ 0.029,-.0.033 wt % P 
@OO4-@0O9 wt % S 

AISI 304 

(Magni f ication : 40) 

structures are clearly visible. In micro- 
graph 2, the temperature is 1457 K and eu- 
tectic melting is recognizable. Observa- 
tions revealed that just before reaching this 
temperature, the eutectic structure in the 
regions outside the field of view of the mi- 
croscope melted instantaneously and 
started flowing into the cracks. This tem- 
perature was almost equivalent to the pre- 

8 ~ Ripple line formed at the time of strain application vious report of the equilibrium eutectic 

o 6 1.8m C~ !~ /~  ~e..i d , , ~  temperature of 1422 K by K u b a s c h e w s k i ( R e f .  10). 

• ~ m ing. Micrograph 3 in Fig. 9 shows that the 
/ q ~ d i rec t ion  ~ resolidified microstructure when the 

remelted area is cooled to 1000 K is sim- Weld 24mm / "  
"6 4 bead " " / I  ilar to that in 2. In both 2 and 3, the den- 
o / dritic structure is not clearly observable. 

( ~ l l ~ O  ~ ~  This is believed to be due to the remelt- 
0~ O / ~  ' ' ~ ' ~  ing of thin eutectic films that formed at 2 

the dendrite boundaries. 
The above results showed that the 

) ~  I l I melting temperature range of this eutec- 
0 0 0.4 0.8 1.2 tic microstructure region is 1451 to 1455 

K. As indicated in the figure, this melting 
B o r o n  c o n t e n t  (wt.%) temperature range is174to192 KIower 

than that of the base metal, which is 1625 
Fig. 8 - -  Relation between boron content and the area percentage of  eutectic microstructure in 
the weld metal, to 1647 K (Ref. 4). The reason for this eu- 

tectic melting temperature range, which 
should show a single melting or a solidi- 

Sol,dlflcatlon temp. ~ ~  
of base metal ~ ~  

1673 I= Start • 1647 K ~ ~ C ~ o k l  "'.~'-~, g~~;!~ ,~'~ 
|~ End : 1625 K 1 ~ ~ ' i ~ ~ ~ : : ~ ~ ~  ~ " '~;:~" 

1573~- Complete ~ (f") 1450K ~ ~  
-- melting ~4)=  ~ ~ "  ~ ~  

( 1 4 5 5 ~  . ~ ~ ~  
1473 2 

Beginning/"1~ • ~ ~ ~ ~ % ~ , ~ " I  
.,=, 

~= 1373 _melting. / \ ~ ~ ~  
(1451K) / k 

1173 _~4xl Pa 3 
373:~ 
273 I I I 

0 3.6 7.2 10.8 
Time (ks) 

Fig. 9 - -  Phenomenon of  eutectic refilling of  weld cracks in boron-added AISI 304 stainless steel (0.78 wt-% B, high P and S). Observed in the hot- 
stage microscope, these micrographs show the same crack at different temperatures. 1- -  1450 K; 2 - -  1457 K, crack refilling; 3 - -  1273 K. 
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Tab le  4 - -  Prec ip i ta tes  Ident i f i ed  in W e l d  
M e t a l  

Specimen Location Precipitates 

0.20% B Eutectic at (Cr, Fe)2B 
crack tips 

0.78% B Eutectic M2] (C, B)6 
within matrix (M: Fe, Cr) 

f icat ion temperature, might be inf lu- 
enced by the partially dissolved impurity 
or matrix components in the eutectic. 

Although not shown in Fig. 9, when 
the heating rate from 1273 K was lowered 
to 0.033 K/s, the melt ing temperature 
range of the eutectic was 1449 to 1453 K, 
which is 2 K lower when the heating rate 
was 0.067 K/s. Al though the eutectic 
melting temperature ranges vary slightly 
with the heating rate, they are as much as 
174 K lower than that of the base metal. 

It was confirmed that the cracks refill 
irrespective of the heating rate. The main 
reason for lower crack susceptibility in 
AISI 304-B stainless steels wi th higher 
boron content is therefore believed to be 
the increase in the amount of low-melt- 
ing-point eutectics, which melt and heal 
the cracks by refilling. 

E l e c t r o n  M i c r o s c o p i c  O b s e r v a t i o n s  

a n d  E P M A  R e s u l t s  

Figure 10 shows TEM micrographs of 
replicas extracted from the AISI 304-B 
welds, and Table 4 shows the results of 
diffraction pattern analysis of the precip- 
itates. Eutectic formation was found in 
the stainless steel welds conta in ing 
boron. Compared to the 0.20 wt-% B 
steel, the eutectics in the 0.78 wt-% B 
steel were fine, densely distributed and 
formed in greater amounts. Diffraction 
pattern analysis of TEM photos and 
EPMA results indicated that a eutectic of 
(Cr, Fe)2B and y-Fe was formed near the 
crack tips. in addition, M23(B,C) 6 precip- 
itates (M:Fe,Cr) were identified in the ma- 
trix of the weld metals. 

Figures 11 and 12 show the EPMA re- 
sults made on the eutectic formation in 
the 0.20 and 0.78 wt-% B heats with high 
P and S content. The position of analysis 
is indicated by the horizontal lines visi- 
ble in the photographs of Fig. 13. The 
points marked A and B in Figs. 11 and 12 
correspond to the locations denoted by 
the same symbols in Fig. 13. 

It can be seen that in the 0.20 wt-% B 
steel, as well as in the 0.78 wt-% B steel, 
Fe and Ni concentrations decrease, whi le 
Cr, P and B concentrations increase in the 
eutectic locations (between A and B in the 
0.20 wt-% B steel, and the white part to 
the left of point B in the 0.78 wt-% B 

.," -'p . \ 

Fig. 10 - -  TEM micrographs ~;l boron-added AIS1304 weld metal (5% bromic al(+~hol alter ut( t~- 
ing with Vilella's reagent). 

. . . . .  ! : : i - 

i': i: i.,.j,si  
I T ._ ::,1, ~ [ I I ~ ~ I : , i  . (+~_LI I~11 

-=! ! . I.._.t.__,__-'[ 

-1,,-+--, 
- - . '  i t ! 

• ~ " i i I : : 
: : : 4 

- [  - 

~ ~ +  "--2  

-_ . - .+4: :~ .~ i .. - :  

. . . . . . .  .A,- . . . . . . . . . . .  

' , I • I ,' + + I i 
.J . . . . .  - L I  - + I : I : C r - ~ - -  

I i i  I 

• " 1 J J + i" I . '  i t ' 1 " 

Fig,. 11 - -  Results of EPMA line analysis of the weld metal of 0.2% B stainless steel (see Fig. 13A 
for location of analyzed area). 
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Fig. 12 - -  Results of EPMA line analysis of  the weld metal of 0.78% B stainless steel (see Fig. 13B 
for location of the analyzed area). 

Magnified 

Fig. 13 - -  SEM micrographs showing locations of EPMA analysis. A - -  0.20% B; B - -  0.78% B. 

steel). As for sulfur, significant segregation 
was found at the grain boundaries, but 
there was almost no change in the sulfur 
distribution in the matrix. 

The above results show that boron 
tends to segregate in the liquid during so- 
lidification. The concentration of B in the 
final solidifying phase is increased and a 
eutectic of (Cr, Fe)2B and y-Fe is formed. 
It has also been shown that the amount 
of eutectic formed increases as the boron 
content of the steel is increased, and that 
the melting point of the eutectic formed 
in the 0.78 wt-% B steel is as much as 170 
K lower than the solidus temperature of 
the base metal. 

Thus, it appears that the lower solidi- 
fication cracking susceptibility of high-B 
stainless steels results from a combina- 
tion of recovery of ductility and decrease 
in crack length due to the healing of the 
crack by the abundantly available liquid 
eutectic, particularly at the high-temper- 
ature side of the ripple lines. 

Conclusions 

The effect of low-melting-point eutec- 
tic on the solidification cracking suscep- 
tibility (as evaluated by Varestraint test- 
ing) of AlSl 304 stainless steels 
containing 0.2 to 1.0 wt-% boron was in- 
vestigated. The following was found: 

1 ) With respect to the eutectic forma- 
tion at the crack tips, there is a greater 
tendency for this to occur at the crack ini- 
tiation point on the high-temperature 
side of the ripple line formed at the time 
of strain application. 

2) The distance from the crack initia- 
tion point to the ripple line increases with 
increasing boron content. The area ratio 
of the eutectics also increases. 

3) The melting temperature range of 
the eutectic is 1451 to 1455 K, which is 
as much as 170 K lower than the melting 
point (1625 to 1647 K) of the 0.78 wt-% 
boron steel. 

4) The intermetallic compound ob- 
served at the crack tips in the boron-added 
AIS1304-type stainless steel was identified 
as a eutectic of (Cr, Fe)2B and y-Fe. 

5) It was also confirmed that the im- 
purity contents should be kept at low lev- 
els to avoid solidification cracking. 

The above results lead to the conclu- 
sion that the lower solidification cracking 
susceptibility of high-B steels is mainly 
due to the healing of cracks by the abun- 
dant amounts of low-melting-point eu- 
tectic liquid of (Cr, Fe)2B and y-Fe. 
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DEVELOPING STRESS INTENSIFICATION FACTORS 

WRC Bulletin 392 presents the results of two studies that involved the development of stress intensification fac- 
tors: 

STANDARDIZED METHOD FOR DEVELOPING STRESS INTENSIFICATION 
FACTORS FOR PIPING COMPONENTS 

E. C. Rodabaugh 

EFFECTS OF WELD METAL PROFILE ON THE FATIGUE LIFE OF 
INTEGRALLY REINFORCED WELD-ON FITrlNGS 

G. E. Woods and E. C. Rodabaugh 

The first study was conducted to document the method to be used in the experimental determination of stress 
intensification factors for piping components and joints. It provides a set of proposed additions to the ASME Boiler 
and Pressure Vessel Code to guide users in developing stress factors. With minor modification, the same infor- 
mation can also be applied to the ASME B31 piping codes. 

The second report describes how the guidelines developed in the first study can be used to develop the stress 
intensification factors for different weld geometries on a typical commercial pipe fitting. The results show how the 
experimental methodology is applied and how a factor of 2 improvement in the stress intensification factor can be 
made with extra care in the weld detail. 

Publication of this document was sponsored by the Committee on Piping and Nozzles of the Pressure Vessel 
Research Council.. 

The price of WRC Bulletin 392 (June 1994)is $40 per copy plus $5 postage and handling for U.S. and Canada, 
and $10 for overseas. Orders should be sent with payment to Welding Research Council, 345 E. 47th St., Room 
1301, New York, NY 10017; (212) 705-7956; FAX (212) 371-9622. 
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