
Effect of Boron Content on 
Carbon Steel Welds 

Study shows how boron affects the microstructure, 
notched tensile strength and hardenability 

of carbon steel welds 

BY J. H. DEVLETIAN AND R. W. HEINE 

ABSTRACT. This investigation pro­
vides an experimental analysis of 
boron's effect on the hardenability, 
microstructure and notched tensile 
strength of carbon steel welds which 
were deposited by the GTA and GMA 
welding processes. Single pass welds 
were deposited on 1A in. thick 1020 
and 10B20 steel plates using filler 
metal of varying boron contents. 

Boron was found to significantly af­
fect the microstructure of steel weld 
metal by effectively retarding the 
pearlite reaction during weld cooling 
in favor of the transformation to a 
bainit ic carb ide- fer r i te aggregate 
(granular bainite). Furthermore, the 
amount of Fe23(B,C)6 borocarb ide 
precipitation forming at prior aus­
tenite grain boundaries and solidi­
fication cell boundaries was found to 
increase with increasing boron con­
tent and decreasing weld cooling rate. 

Boron's hardenability effect was 
found to be just as potent in weld 
metal as it was in wrought steel of the 
same composit ion. The hardenability 
of as-deposited welds was measured 
by comparing the weld cooling rate 
and hardness with similar cooling 
rates and hardness data from Jominy 
end quenched bars of the same steel. 

A l t h o u g h the no t ched tens i le 
strength of boron steel welds was 
superior to boron-free steel welds, 
boron's s t rengthening effect was 
greatly dependent upon the amount 
of boron present in the weld. In fact, 
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maximum notched tensile strength 
was attained in 0.2% C steel weld 
metal with an opt imum boron con­
tent of 0.002%. The reduction of 
notched strength at excessive boron 
c o n c e n t r a t i o n s was due to the 
presence of embritt l ing intergranular 
and intercellular borocarbides. 

Furthermore, in GTA, GMA and 
also submerged arc welds notched 
tensile strength varied directly as a 
function of the "soluble" boron con­
tent rather than the total boron con­
tent. Because of the faster weld cool­
ing, GTA and GMA welds were signif­
icantly stronger than the slower cool­
ing submerged arc welds. 

Introduction 

The objective of this investigation 
was to determine the effect of boron 
content upon the micros t ruc ture , 
no tched tens i le p r o p e r t i e s and 
hardenability of plain carbon steel 
weld metal, as deposited by the GTA, 
GMA and submerged arc welding 
processes. 

A l though litt le is known about 
boron's behavior in welds, it is well 
known that minute percentages of 
boron greatly increase the harden­
ability of wrought steels. For ex­
ample, the increased hardenability 
produced by the addit ion of only 
0.0005 to 0.003% boron to a 0.2% car­
bon steel is equivalent to that pro­
duced by about 0.9% Cr, 3.2% Ni or 
0.7% Mo. However, it has also been 
found that boron's potency is contin­
gent upon (a) carbon content and (b) 
boron content. 

Generally, as the carbon content of 
a wrought steel increases up to the 
e u t e c t o i d c o m p o s i t i o n , b o r o n ' s 
hardenability factor decreases linear­
ly (Refs. 3-6) as illustrated in Fig. 1. 
Consequently, boron additions ap­

pear to be most effective in high alloy, 
low carbon steels and virtually use­
less in eutectoid steels. 

The boron content has also been 
f ound to s ign i f i can t l y a f fect the 
hardenability of steels (Refs. 1,2,3, 
and 6). Melloy et al (Ref. 6) have 
shown that there exists an opt imum 
boron concentration whereby max­
imum hardenability is attained. For 
example, boron was found to in­
crease the hardenability of a low car­
bon, Mo steel (ASTM A514-J) by as 
much as a factor of 3 for an opt imum 
boron content of 0.0020%. 

However, if the boron concentra­
tion is excessive, a borocarbide con­
stituent, identified as Fe23(B,C)6, 
forms at the austenite grain boun­
daries of wrought steels (Ref. 6). 
Similarly, it has been demonstrated 
that this borocarbide also precipitates 
at cell and dendrite boundaries dur­
ing cooling of GTA and GMA welds 
(Ref. 7). 

It is precisely this borocarbide con­
stituent that is of prime interest in this 
investigation. The presence of the 
intergranular Fe23(B,C)6 constituent 
was found to not only decrease 
boron's hardenability effect but also 
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Fig. 1 — Effect of carbon content on 
boron's hardenability factor in steel 
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Fig. 3 — Flat tensile specimens (a) unnotched and (b) notched at 
the weld 

Table 1 — Chemical Compositions of Steel Plate and Filler Metal 
Steel C B Mn Al 

1020 
10B20 
10B20E 
10B20F 
B-3 
B-4 

.19 

.19 

.19 

.19 

.19 

.19 

.0017 

.003 

.0042 

.0082 

.024 

.50 

.71 

.71 

.71 

.71 

.70 

.005 

.08 

.08 

.08 

.08 

.08 

Si 

.20 

.22 

.22 

.22 

.22 

.22 

Remarks 

1 
1 
2 
2 
2 
2 

(a) 

(a) 1 = commercial steel; 2 = melted 10B20 steel and added alloying elements under dry argon atmosphere 

DISTANCE FROM QUENCHED END, 1/16 INCH 

Fig. 4 — Jominy end quench test for 1020 
and 10B20 steel, austenitized at 1700 F — 
1 hour 

seriously affect the notched tough­
ness of steel. For example, when 
boron contents exceeded a value of 
0.0025% in a low carbon steel, both 
hardenability and toughness deteri­
orated due to the formation of this 
embritt l ing borocarbide precipitate 
(Ref. 6). 

Experimental Procedure 

Materials and Fabrication 

The control led-composit ion steels 
used in this investigation were melted 
and fabr icated in the laboratory. 

These steels, conta in ing selected 
amounts of C, B, and Mn, were pre­
pared by induction melting small 400 
g heats in dry alumina crucibles and 
protected by a dry argon a tmo­
sphere. All boron addi t ions were 
made using ferro-boron containing 
17.88% B. Each ingot solidified uni-
directionally to minimize piping. The 
resulting VA in. diam x 3 in. ingots 
were annealed under a dry argon 
atmosphere and then cold rolled to Vi 
in. thick plate. The composit ions of 
these steels are listed in Table 1. 

Filler metal was also prepared from 
these induction melted ingots by cold 
rolling longitudinally cut sections of 
the ingots to Vi in. diam bars. Stress 
relieving and spheroidizing heat treat­
ments were performed as necessary 
to insure workabil ity. The bars were 
swaged to a final diameter of 0.087 in. 
for use as weld filler metal. 

In addit ion, several plain carbon 
and boron steels were commercial ly 
available. These steels were also 
rolled to Vi in. thick plate and swaged 
to 0.087 in diam filler metal, as needed. 
The composit ions of these steels are 
shown in Table 1. 

Welding 

All welding was performed by the 
gas tungsten-arc (GTA), gas metal-

arc (GMA) and s u b m e r g e d arc 
processes. Bead-on-plate welds were 
deposited on Vi in. thick plate spec­
imens conta in ing a U groove as 
shown in Fig. 2. Argon shielding gas 
(35cfh) was used to protect all GTA 
and GMA welds. 

Metallography 

Steel welds were sectioned 
longitudinally. These sections were 
electropolished in chromic acid solu­
tion and etched using: 1 ml HN0 3 , 12 
gm picric acid and 300 ml ethyl al­
cohol. Also, two-stage carbon repli­
cas with chromium shadowing were 
prepared for electron microscopy. 

Tensile Testing 

Welded specimens were ma­
chined for tensile testing with and 
without notches as shown in Fig. 3. 
Unwelded notched and unnotched 
tensile specimens were also tested for 
reference. All tensile testing was per­
formed at a strain rate of 0.1 ipm 
using the strain-controlled mode. 

Weld Cooling Curves 

Complete cooling curves of 
solidifying weld metal were obtained 
by immersion of a 0.010 in. diam 3% 
Re-W and 10% Re-W thermocouple 
into the molten weld pool. A con­
tinuous chart recorder plotted the 
resulting cooling curves. 

Results and Discussion 
Boron's Hardenability Effect 
in Weld Metal 

Because there was no direct 
method of measuring the harden­
ability of as-deposited weld metal, a 
technique was devised whereby the 
hardenability of wrought steel (as 
d e t e r m i n e d by the J o m i n y end 
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quench test) could be compared with 
the hardenability of weld metal of the 
same composition. The known cool­
ing rates associated with each 1/16 in. 
distance of the end quench test were 
matched with experimentally deter­
mined cooling rates of as-deposited 
GTA and GMA weld metal. The aver­
age weld metal hardness for each 
particular weld cooling rate as mea­
sured at 1300 F was compared to the 
hardness value obtained in the end 
quench test for the 1/16 in. distance 
corresponding to that same cooling 
rate. 

For example, the hardenabilities of 
as-deposited 1020 and 10B20 steel 
weld metal were determined by com­
parison with standard end quench 
data (see Fig. 4) for 1020 and 10B20 
wrought steels, respectively. Figure 
5(a) and (b) show that, for a particular 
cooling rate, little or no difference ex­
isted between the average weld hard­
ness and wrought metal hardness of 
the same steel. If, for example, the 
hardenability of 10B20 steel weld 
metal were significantly lower than the 
hardenability of 10B20 wrought steel, 
then the curve in Fig. 5(b) would 
have a slope less than 45 deg. But 
since the curve for the 10B20 steel 
had a slope of 45 deg, the harden­
ability of 10B20 steel weld metal was 
essentially the same as that of 10B20 
wrought steel. 

When comparing the harden­
abilities of weld metal and wrought 
metal of the same composition, sev­
eral sources of error must be ac­
counted for. Most significant is the 
difference in austenite grain size and 
shape between weld and wrought 
products. In the weld metal and 
wrought metal tested in this work, 
there was fortunately little difference 
between the austenite grain size in the 
weld and in the corresponding 
wrought steel. Consequently, such a 
comparison between the harden­
abilities of wrought and weld metal 
could be made. 

Furthermore, the hardenability of 
boron steel weld metal was found to 
be greatly dependent upon the boron 
content of the weld. It is well known 
that too little or too much boron in a 
wrought steel (Ref. 1, 2, and 6) can 
diminish boron's hardenability effect. 
In this investigation, it was found that 
increasing the boron content beyond 
0.0017% B progressively decreased 
boron's hardenability effect in as-de­
posited GTA and GMA welds (see 
Fig. 6). That is, excessive boron con­
centrations resulted in lower hard­
ness weld metal for a particular weld 
cooling rate. However, it is important 
to note that despite the wide range of 
boron contents studied (0 to 0.024% B 
in Fig. 6), the boron-containing steel 
weld always had higher hardenability 
than the equivalent boron-free steel 
weld. 

Boron's Effect on 
Weld Mlcrostructura 

The addition of boron had a 
considerable effect upon the micro-
structure of plain carbon steel weld 
metal, as-deposited by the GTA and 
GMA welding processes. It was evi­
dent that boron not only tended to 
form a borocarbide precipitate, Fe23 
(B,C)6, at prior austenite grain boun­
daries and solidification cell boun­
daries but also significantly altered 
the structure of the eutectoid trans­
formation products during weld cool­
ing. 

A metallographic comparison was 
made on several identically welded 
0.2% C steels containing different 
percentages of boron. Figures 7 
through 10 show the microstructures 
of autogenous GTA weld metal made 
on 0.2% C steel containing no boron, 
0 .0017% B, 0 . 0 0 8 2 % B and 
0.024% B, respectively. All welds 
were cooled at a rate of 70 F/s, mea­
sured at 1000 F. This corresponded 
to a heat input of approximately 300 
A, 18 V and 12 ipm travel speed. 

The microstructures of 1020 steel 
weld metal, deposited by the GTA 
process, are shown in Fig. 7. This 
boron-free weld was characterized by 
a coarse grain structure consisting of 
blocky and Widmanstatten ferrite, 
which outlined the prior austenite 
grain boundar ies, Fig. 7(a). In 
Fig. 7(b), it was found that pearlite 
formed in areas which were adjacent 
to the blocky ferrite regions. Upper 
bainite, on the other hand, tended to 
form more toward the interior of the 
prior austenite grains. Such micro-
structures occur commonly in car­
bon steel welds. 

Upon addition of 0.0017% boron to 
this 0.2% C steel weld, significant 
changes in weld microstructure oc­
curred as shown in Fig. 8. Compar­
ing Figs 7(a) vs 8(a), it can be seen 
that boron promoted the precipita­
tion of proeutectoid ferrite not only at 
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Fig. 5 — Comparison of hardness after 
equal cooling rates at 1300 F for wrought 
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Fig. 6 — Effect of boron content and weld 
cooling rate at 1000 F on the hardness of 
0.2% C steel welds 

Fig. 7 — Microstructure of 1020 steel weld metal deposited by the G TA process. Weld cool­
ing rate was 70 F/s at 1000 F. (a) X500 reduced 36.5% and (b) two-stage carbon replica, 
X6000, reduced 36.5% 
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prior austenite grain boundaries but 
also at solidification cell boundaries 
(reported in previous work, Ref. 7). 
The boron-free steel in Fig. 7(a) 
shows that proeutectoid ferrite 
formed only at prior austenite grain 
boundaries, and the cellular solidifi-

.-•• ; ; ^\ tK^-^* '^P8 

cation substructure was not visible. 
That is, the cell boundaries were so 
weakly segregated with solute that 
they had essentially no effect upon 
the transformation products from 
austenite during weld cooling. How­
ever, the boron steel weld con-
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Fig. 8 — GTA weld metal of 10B20 steel containing 0.0017% boron. Weld cooling rate was 
70 F/s at 1000 F. (a) X500 reduced 35% and (b) two-stage carbon replica, X6000, re­
duced 35% 
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F/'g. 9 — GTA weld metal of 0.2% C steel containing 0.0082% boron (sample B-3). Weld 
cooling rate was 70 F/s at 1000 F. (a) X600 reduced 30% and (b) two-stage carbon 
replica, X3000, reduced 30% 

taining 0.0017% B, Fig. 8(a), shows 
that proeutectoid ferrite was precip­
itated at both cell boundaries and 
prior austenite grain boundaries. 
Here the solid state segregation of 
boron at cell as well as grain boun­
daries in austenite increased the 
strain energy of these boundary 
regions sufficiently to cause nucle­
ation of proeutectoid ferrite at both 
cell and austenite grain boundaries 
during weld cooling. Consequently, 
the prior austenite grain and cell 
boundaries of the boron steel weld 
were nearly indistinguishable. 

Furthermore, the addition of boron 
greatly suppressed the pearlite and 
upper bainite reactions. The boron 
addition promoted the formation of a 
ferrite-carbide aggregate in Fig. 8(b), 
which was quite similar in appear­
ance to granular bainite (Ref. 9). 
Comparing Figs. 7(b) vs 8(b), it ap­
peared that boron significantly altered 
the bainitic structure which formed 
upon weld cooling. In the microstruc­
ture of the 1020 steel weld metal in 
Fig. 7(b), upper bainite and small 
areas of pearlite were observed; 
while, the equivalent 10B20 steel weld 
containing 0.0017% B exhibited only a 
granular form of bainite without any 
trace of pearlite. It is well known that 
as little as 0.001 to 0.003% boron re­
tards the pearlite transformation in 
steels. However, it is not well under­
stood why boron so greatly affected 
the morphology of bainite in these 
steel welds. It is suspected that such 
behavior is undoubtedly related to 
boron's ability to alter the nucleation 
and growth mechanisms of bainitic 
structures. 

Increasing the boron content of 
0.2% C steel welds to 0.0082% and 
0.024% B further enhanced the for­
mation of this carbide-ferrite aggre­
gate or granular bainite as shown in 
Figs. 9(b) and 10(c). These welds 
contained neither a trace of conven­
tional pearlite nor upper bainite; in­
stead, the microstructures show aci-
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F/g. 70 — GTA weld metal of 0.2% C steel containing 0.024% boron (sample B-4). Weld cooling rate was 70 F/s at 1000 F. (a) X500, 
reduced 23.5%, (b) and (c) two-stage carbon replicas, X6000, reduced 23.5% 
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cular and nodular arrays of carbide in 
a ferrite matrix which correspond in 
appearance to the nodular and aci­
cular formations of granular bainite. 
Th i s s t r u c t u r e was p a r t i c u l a r l y 
prominent with increasing boron con­
tent as can be seen by comparing 
Figs. 8 through 10. 
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Borocarbide Precipitation 
in Welds 

The boron content of steel weld 
metal was found to greatly affect the 
amount of borocarbide precipitation 
occurring at both solidification cell 
boundaries and austenite grain boun­
daries during cooling of GTA and 
GMA welds. Figures 7 through 10 
show this intergranular and inter­
cellular precipitation in 0.2% C steel 
welds as a function of boron content 
for a weld cooling rate of 70 F/s, 
measured at 1000 F. The GTA weld 
micros t ruc ture of the 1020 steel 
(boron-free) in Fig. 7, of course, con­
tained no borocarbides in boundary 
regions. Indeed, the 0.2% C steel weld 
containing 0.0017% boron in Fig. 8 
contained only traces of borocarbide 
constitutent at boundary areas for this 
70 F/s weld cooling rate. 

However, with further increases in 
boron content to 0.0082% B (Fig. 9), 
the borocarb ide prec ip i ta t ion be­
came prominant. Finally, when an ex­
cessive amount of boron (0.024% B) 
was added to 0.2% C steel weld 
metal , a p reponderance of inter­
granular and intercellular borocar­
bide precipitation occurred as shown 
in Fig. 10. The borocarbide phase 
precipated as fine "dots" , which ap­
peared quite evenly distr ibuted along 
both cell and prior austenite grain 
boundaries. 

The intergranular and intercellular 
borocarbide in Figs. 8, 9, and 10 al­
ways appeared to form in a matrix of 
proeutectoid ferrite, which also out­
lined the prior austenite grain and cell 
boundaries. This was due to boron's 
strong tendency to segregate by inter­
stitial diffusion to austenite grain and 
cell boundaries during weld cooling. 
When the boron concentrations at the 
boundaries became supersaturated, 
the elastic strain energy of the boun­
dary increased up to the point where 
borocarbide precipitation occurred. 
Simultaneously, these regions of high 
strain energy also served as active 
nucleating sites for proeutectoid fer­
rite. Consequently, when weld cool­
ing rates for 0.2% C boron steels 
were about 70 F/s or less, both boro­
carb ides and proeutecto id ferr i te 
precipitated. Both phases formed 
along prior austenite grain and cell 
b o u n d a r i e s bu t the b o r o c a r b i d e 
phase precipitated as a linear array of 
"dots" in a "white" proeutectoid fer­
rite background as typically illus­
trated in Fig. 10(b). 

W', ' 

Fig. 11 — GTA weld metal of (a) 1020 steel, X2500, reduced 34% and (b) 10B20 boron steel, 
X600, reduced 34%. Both welds cooled at 150 F/s at 1000 F 
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Fig. 12 — GTA weld metal of (a) 1020 steel and (b) 10B20 boron steel cooled at 105 F/s 
1000 F. X600, reduced 32% 

Effect of Cooling Rate 
on Weld Microstructure 

With the exception of composit ion, 
weld cooling rate was the most signif­
icant factor af fect ing weld metal 
microstructures. As with plain car­
bon steel welds, the ability of boron 
steel weld metal to produce martens­
i te du r i ng coo l i ng was s t rong ly 
dependent upon weld cooling rate. 
Since 0.0017% boron was found to in­
crease the hardenability of 0.2% C 
steel weld metal by a factor of 2, the 
boron steels in Figs. 11 and 12 clear­
ly contained more martensite than the 
corresponding boron-free steel weld. 
In Fig. 11 the boron steel weld fusion 
zone conta ined 100% martensi te 
when cooled at 150 F/s (measured at 
1000 F) while the boron-free steel 
contained small patches of proeutec­
toid ferrite and acicular upper bainite 
in a matrix of martensite. 

Similarly in Figure 12(b) where the 

weld cooling rate was lowered to 
105 F/s, the boron steel weld again 
contained a majority of martensite 
with only traces of Widmanstatten fer­
rite and upper baini te. The cor­
responding boron-free steel weld in 
Fig. 12(a) displayed lower harden­
ability with a microstructure contain­
ing large amounts of blocky and Wid­
manstatten ferrite, bainite and only 
small portions of martensite. It was 
metallographically evident that the 
ability of boron steel welds to pro­
duce martensite upon cooling was 
greater than similar steel welds with­
out boron. 

Effect of Cooling Rate 
on Borocarbide Precipitation 

The cooling rate of GTA and GMA 
welds had a significant effect upon the 
amount of borocarbide precipitation 
occurring at austenite grain and cell 
boundaries. For a particular boron 
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content, slow weld cooling rates pro­
moted extensive intergranular and in­
tercellular precipitation while faster 
cooling rates tended to retard such 
precipitation. 

GTA and GMA welds made on 
10B20 steel with 10B20 filler metal be­
came more prone to intergranular 
and intercellular precipitation as the 
cooling rate of the weld was de­
creased as shown in Fig. 13. The data 
in Fig. 13 is based on a comparison 
with the amount of borocarbide ob­
tained by the Grange test (Ref. 3). 

The large amount of borocarbide 
precipitation obtained by the Grange 
test (in Fig. 14) was arbitrarily taken 
to be 10 on a scale from zero (no 
borocarbides observed) to 10 (maxi­
mum amount of intergranular boro­
carbides). Figure 13 clearly showed 
t h a t b o r o c a r b i d e f o r m a t i o n i n -
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Fig. 13 — Effect of weld cooling rate (mea­
sured at 1000 F) on the relative amount of 
intergranular and intercellular borocar­
bide precipitation occurring in 10B20 steel 
weld metal containing 0.0017% boron 

creased significantly with decreasing 
weld cooling rates. Of course, the 
amount of precipitation was also con­
tingent upon the initial boron content 
of the steel weld. That is, with in­
creasing boron content, the curve in 
Fig. 13 would be shifted upward; 
while, for lower boron contents this 
curve would be shifted downward. 

Nucleation of Proeutectoid 
Ferrite and Borocarbide 

Although proeutectoid ferrite and 
borocarbide nucleation was affected 
by weld cooling rate, the austenite 
grain boundaries were found to be far 
more potent nucleat ing sites for 
proeutectoid ferrite and borocarbide 
precipitation than solidification cell 
boundaries. For example, when the 
weld cooling rate of 0.2% C boron 
steel welds was excessively fast, no 
p r o e u t e c t o i d f e r r i t e o c c u r e d , 
Fig. 11(b). Conversely, when slower 
cooling rates were used, proeutec­
toid ferrite occurred at both austenite 
grain and cell boundaries (Figs. 8, 9 
and 10). 

However, at an intermediate cool­
ing rate at 105 F/s (at 1000 F), the 
austenite grain boundaries shown in 
Figs. 15(a) and (b) clearly precipitate 
proeutectoid ferrite while the cell 
boundaries were free of ferrite. The 
electron micrograph in Fig. 16 shows 
a ferrite-free cell boundary delineated 
by a fine borocarbide precipitate. In 
addit ion, the amount of borocarbide 
precipitation at grain boundaries was 
much greater than that occurr ing at 
solidification cell boundaries. 

T h e e x p l a n a t i o n o f t h i s 
phenomenon undoubtedly is related 
to the fact that the austenite grain 

boundary was a high angle boundary 
with high elastic strain energy asso­
ciated with this region; while, the cell 
boundary was a lower energy region 
equivalent to subgrain or tilt boun­
daries. Although the cellular segrega­
tion of substitutional solute atoms was 
about the same at both grain boun­
daries and cell boundaries (Ref. 7), 
the higher energy grain boundaries 
were the more likely sites for solid 
state segregation of the oversized in­
terstitial boron atoms in austenite 
during weld cooling. 

Because the b o u n d a r i e s r e p ­
resented areas of large elastic strain 
energy due to atomic mismatch, the 
diffusion and segregation of boron to 
high energy boundaries in austenite 
served to reduce the energy of the 
boundary. However, when the boun­
dary became supersaturated with 
boron, the elastic strain energy of that 
boundary again increased until the 
boundary became an active nucleat­
ing site for both proeutectoid ferrite 
and borocarbide constituent. 

Since the pr ior austeni te grain 
boundary in welds, Fig. 16(a) and (b), 
represented a higher energy region 
than the cell boundary, the amount of 
boron segregation at the grain boun­
dary would be proportionally greater 
than that at the cell boundary. Conse­
quently, subsequent precipitation of 
proeutecto id ferr i te and borocar­
bides was more abundant at the grain 
boundaries than at lower energy cell 
boundaries. 

Transfer of Boron Across 
the Arc 

T h e t r ans fe r ab i l i t y of b o r o n a c r o s s 
t he w e l d i n g a rc f o r t h e G T A , G M A a n d 
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Fig. 14 — Intergranular borocarbides 
resulting from heat treating 10B20 steel 
weld metal to 2000 F for 15 minutes, then 
quenching to 1200 F tor 10 minutes. 
X1000, reduced 28% 
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Fig. 15 — GTA weld metal of 0.2% C steel containing 0.024% boron, (a) Weld microstruc­
ture cooled at 105 F/s and (b) schematic representation of microstructure in (a) showing: 
region "A" = prior austenite grain boundaries which have nucleated both borocarbides 
and proeutectoid ferrite; and region " f l " = cell boundaries containing borocarbides only. 
XeOO, reduced 28% 
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submerged arc welding processes 
was determined but only for those 
relatively low weld heat inputs used in 
this investigation. Multipass welds 
were deposited on 1020 steel plate 
with 10B20 filler metal using approxi­
mately 300 A and 20 V for each weld­
ing process. 

It was found that most of the boron 
contained in the filler metal trans­
ferred successfully across the weld­
ing arc into the weld pool. From Table 
2, virtually no boron was lost through 
the arc in the submerged arc process; 
while, the GTA and GMA processes 
suffered minor losses of boron dur­
ing transfer through the arc for the 
welding parameters used in this in­
vestigation. 

Effect of Boron on 
Notch Tensile Strength 

Boron content was found to have a 
substantial effect upon the notch sen­
sitivity and notched tensile strength of 
carbon steel weld metal , as-de­
posited by the GTA and GMA 
processes. There existed an opt imum 
range of boron concentrations over 
which the maximum notched tensile 
strength occurred. Lower than the op­
t imum boron content resulted in lower 
notched tensile strength; while, ex­
cessive amounts of boron caused the 
welds to become notch sensitive due 
to the precipitation of intergranular 
and intercellular borocarbides. 

To illustrate this, several GTA and 
GMA welds were deposited on 2020 
and 10B20 steel plate in a manner 
shown in Fig. 2 using filler metal of 
essentially the same composit ion as 
the plate stock except for its boron 
content. All welds were deposited at 
300 A, 20 V and 12 ipm travel speed 
resulting in a weld cooling rate of 
70 F/s, measured at 1000 F. The 
notch tensile strength of these GTA 
welds was found to be extremely 
dependent upon boron content as 
shown in Fig. 17. Clearly, there was 
an opt imum range of boron content 
which resulted in maximum notch 
tensile strength (for a particular weld 
composit ion and cooling rate). 

For the GTA welds deposited on 
10B20 boron steel shown in Fig. 17, 
the opt imum range of boron content 
resulting in maximum notched tensile 
s t r e n g t h w a s a b o u t 0 . 0 0 1 t o 
0.003% B. The welds deposited on 
1020 steel (boron-free) were limited to 
0.0017 to 0.003% B. Similar results 
were obtained when GMA welds were 
tested. The data in Fig. 17 is in gen­
eral agreement with work by Melloy et 
al (Ref. 6) on wrought boron steels 
where boron's effect on the strength 
and hardenability of steel was max­
imized at 0.0026% B. 

In addit ion, as the weld boron con­
tent exceeded about 0.003% B, the 
amount of Fe23 (B,C)« borocarbides 

• Wi ld d e p o s i t e d on 1020 
s t e e l p l a t e 

A Held d e p o s i t e d on 10B20 

Fig. 16 — Two-stage carbon replica show­
ing the cell boundary precipitation of boro­
carbides in region "B" of Figure 15(b). 
X6000, reduced 28% 

p r e c i p i t a t i n g at b o u n d a r i e s i n ­
creased. These borocarbides, being 
incoherent with its matrix, greatly 
weakened the grain and cell boun­
daries of GTA and GMA weld metal. 
Thus, after notch tensile testing, it was 
found that excessive boron concen­
trations tended to promote inter­
granular and intercellular fractures 
similar to the "rock-candy" type of 
fracture. 

Effectiveness of Boron 
Transferred Across the Arc 

It was found that the effectiveness 
of boron in GTA, GMA and sub­
merged arc weld metal was signif­
icantly influenced by whether the 
boron entering the weld came from 
the filler metal (i.e., transferred across 
the arc) or f rom the base metal. Upon 
examining Fig. 17, it was clear that in 
steel welds containing less than about 
0.002% boron, the effect of boron 
upon increasing the weld notch ten­
sile strength was greater in welds 
where the boron entered the weld fu­
sion zone by base metal dilution (i.e., 
boron-free filler metal deposited on 
10B20 boron steel plate) than in welds 
where the boron had entered the weld 
solely by transfer across the arc (i.e., 
boron steel filler metal deposited on 
boron-free 1020 steel). Even so, much 
stronger welds were obtained when 
boron steel filler metal was used to 
weld boron-free plate. 

Furthermore, this phenomenon ap­
peared to be related to the amount of 
"soluble" boron present in the weld. 
Chemical analysis has shown that for 
welds containing less than 0.002% 
total boron, the amount of soluble 
boron in the welds deposited on the 
10B20 boron steel plate was greater 
than that in the welds made on 1020 
steel plate, where all the boron in the 
weld was transferred across the arc. 
Consequently, even though the total 

.001 .002 .003 .004 .005 .006 

I BORON IN WELD HETAL 

Fig. 17 — Effect of boron content on the 
notched tensile strength of 0.2% C steel 
weld metal deposited by the G TA process 

Table 2 — Transferability of Boron Across 
the Welding Arc 

Welding 
process 

Sub arc 
GTA 
GMA 
Filler metal 

(reference) 

No. of 
Passes 

5(a) 

6(a) 

6<a> 

— 

Boron, 
% 

0.0015 
0.0014 
0.0013 
0.0015 

% 
Trans­
ferred 

100 
93 
87 
— 

(a) Actual analysis was performed on the last pass of 
weld 

boron content of the welds was the 
same, the welds containing boron 
from base metal dilution possessed a 
signif icant ly higher percentage of 
"soluble" boron than those welds 
which gained boron solely by trans­
fer across the welding arc (compare 
curves in Fig. 17 for % B < 0.002%). 

To verify this effect, GTA, GMA and 
s u b m e r g e d arc we lds were de ­
posited on 1020 and 10B20 steel 
plates using filler metal made from 
these same steels. Figure 18 shows 
the notched tensile strengths of welds 
made by depositing (a) 1020 steel 
filler metal on 1020 plate, (b) 1020 
filler on 10B20 plate, (c) 10B20 filler 
on 1020 plate and (d) 10B20 filler on 
10B20 plate. Clearly, the welds de-
poisited on the 10B20 boron steel 
plate resulted in the highest notched 
tensile strength. The welds contain­
ing no boron at all had the lowest 
strength; but, the welds of 10B20 filler 
metal on 1020 steel plate had an inter­
mediate strength level. 

A chemical analysis of these welds 
in Fig. 18 further revealed that signif­
icantly more soluble boron was trans­
mitted to the weld pool by base metal 
dilution than by transfer across the 
welding arc even though the total 
amount of boron entering the weld 
might have been the same. Conse­
quently, when the notched tensile 
data were plotted as a function of sol­
uble boron content of the weld fusion 
zone, it was found that the notched 
tensile strength increased with in­
creasing soluble boron content as 
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Fig. 18 — Effect of boron on the notched tensile strength of steel weld metal deposited by 
the GTA, GMA and submerged arc processes using 300 A, 20 V and 12 ipm travel speed 
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Fig. 19 — Effect of "soluble" boron content on the notched tensile strength of 0.2% C steel 
weld metal 

shown in Fig. 19. 
Why boron transferred across the 

arc is not as effective a transmitter of 
soluble boron as boron gained by 
base metal dilution is not well under­
stood. However, recent work by Mar­
grave et al (Ref. 20) has shown sev­
eral elements including boron could 
form compounds when exposed to 
extremely high temperature in the 
presence of other e lements. A l ­

though the temperature of the weld­
ing arc is more than 10,000 F, the 
filler metal melt-off rate is fast enough 
that the soluble boron in the filler 
metal is not exposed to these ele­
vated temperatures for more than a 
fraction of a second during the trans­
fer across the arc. Consequently, if 
soluble boron were combining with 
some other element in the arc, only a 
small proport ion of the soluble boron 

would probably be lost. This mechan­
ism could explain boron's decreased 
e f fec t i veness upon t r a n s f e r r i n g 
across the arc (Fig. 17), but there is 
no direct experimental evidence un­
der welding condit ions to support the 
hypothesis. 

On the basis of the data presented 
in this investigation, boron could be 
beneficially utilized for commercial 
welding applications. When boron 
steel plates are welded with boron 
steel filler metal, boron's harden­
ability effect has been shown to be 
equally potent in steel weld metal as it 
is in wrought steel of the same chem­
ical compos i t ion (Figs. 5 and 6). 
Furthermore, the use of boron steel 
filler metal to weld boron steels as 
well as plain carbon steels has been 
shown to substantially increase the 
notched tensile strength of the weld. 
Such increases in weld strength occur 
most significantly in GTA, GMA welds 
and to a lesser extent in the slow cool­
ing submerged arc welds (Figs. 17, 
18 and 19). Since as little as 0.002% 
to 0 .003% bo ron has the same 
hardenability factor as much larger 
quantities of expensive alloying ele­
ments in steel such as Ni or Mo, the 
cost savings should be a significant 
factor in future selection of filler metal 
for welding boron and carbon steels. 

Conclusions 

Boron was found to have the follow­
ing effects upon the microstructure, 
hardenabi l i ty and notched tensi le 
proper t ies of steel welds, as-de­
posited by the GTA and GMA weld­
ing processes. 

1. Boron retards the formation of 
pearlite and upper bainite and pro­
motes a structure similar in appear­
ance to granular bainite. 

2. The amount of Fe23 (B,C)6 boro­
carbide forming at austenite grain 
boundar ies and sol id i f icat ion cell 
boundaries increases with (a) in­
creasing boron content in the weld 
and (b) decreasing weld cooling rate. 

3. The austenite grain boundaries 
are slightly more potent nucleating 
sites for the precipitation of pro­
eutectoid ferrite than solidification cell 
boundaries during weld cooling. 

4. Boron's hardenability factor in 
as-deposited steel weld metal is es­
sentially the same as that in wrought 
steel of the same composit ion. The 
hardenabi l i ty factor for boron in 
10B20 wrought steel and GTA and 
GMA weld metal was 2.0. 

5. The notched tensile strength of 
boron steel weld metal is dependent 
upon boron content. There is an op­
t imum boron content of app rox i ­
mately 0.002% which corresponds to 
max imum notched s t rength. The 
reduction of notched strength at ex­
cessive boron concentrations is due 
to the presence of intergranular and 
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intercellular borocarbides. 
6. The notched tensile strength of 

GTA, GMA and also submerged arc 
welds varied directly as a function of 
the "soluble" boron content of the 
weld rather than the total spectro­
graphic boron concentration. 

7. Virtually all the boron in steel 
filler metal is transferred across the 
arc for the GTA, GMA and sub­
merged arc processes provided the 
welding parameters are less than ap­
proximately 300 A, 20 V and 12 ipm 
travel speed. 

8. The notched tensile strength of 
bdron steel welds deposited by the 
GTA and GMA processes was gen­
erally greater than those deposited by 
the submerged arc process. 

9. Filler metal containing boron 

produces consistently stronger welds 
than boron-free filler welds regard­
less of whether the base metal is plain 
carbon or boron steel. 
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tion III of the ASME Boiler and Pressure Vessel Code, appropriate secondary 
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made between experimental stress indices and those obtained using the simpli­
fied analysis procedure developed here as well as the more complex analysis pro­
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is extended to attachments having a variety of cross sections. 

Stress indices and the appropriate simplified design formulas are developed 
for analyzing integral lug attachments on straight pipe according to the philos­
ophy of Section III of the ASME Boiler and Pressure Vessel Code for Class I Pip­
ing Systems. Indices are developed for the evaluation of primary stresses, pri­
mary-plus-secondary stresses, and peak stresses due to internal pressure in the 
pipe for radial thrust and transverse shear forces and torsional and bending mo­
ment loads acting on the lug; and for a thermal gradient between the pipe and the 
lug. The indices for thrust and bending moment loads are based on an extensive 
parameter study and are represented by simple formulas that may be used di­
rectly by designers and/or incorporated into codes and standards. From compari­
sons with other methods of analysis these formulas are considered to be more ac­
curate and easier to use. Indices for the other loadings are based in part on 
strength-of-materials theory and information in the literature. Specific recommen­
dations are made for incorporating the stress indices and design formulas into 
the ASME Code. As an example, a simple pipe support design is analyzed using 
the recommended formulas. 
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