
Borocarbide Precipitation in the 
HAZ of Boron Steel Welds 

The amount of intergranular borocarbides occurring in 
the HAZ of boron steel during weld cooling was found to 
be dependent upon weld cooling rate and the peak HAZ 
temperature 

BYJ. H. DEVLETIAN 

ABSTRACT. When boron steels are 
welded, the HAZ of these welds are 
susceptible to borocarbide precipita
tion at prior austenite grain bound
aries. The literature establishes that 
extensive intergranular precipitation 
can significantly decrease not only 
boron's hardenability effect but also 
the steel's notched toughness. Con
sequently, the objective of this study 
was to determine and evaluate the 
primary factors controlling the forma
tion of intergranular borocarbides in 
the HAZ. 

In this work, single-pass manual 
SMA and automatic GMA welds were 
deposited on 10B20 boron steel plate. 
An extremely wide range of cooling 
rates from 0.02 to 160 F/s at 1300 F 
were studied. 

The prime factor controlling the 
amount of intergranular borocarbide 
precipitation occurring in the HAZ of 
10B20 steel was found to be weld 
cooling rate. There was an opt imum 
weld cooling rate of 3.7 F/s which pro
duced a maximum amount of inter
granular borocarbides; while, for ex
tremely fast cooling rates of 140 F/s 
or greater, no intergranular pre
cipitation occurred. However, at ex
tremely slow cooling rates as low as 
0.02 F/s, the amount of intergranular 
borocarb ide part ic les d imin ished 
substantially but the average particle 
size increased. Furthermore, it was 
found that the h igher the peak 
temperature in the HAZ, the greater 
the tendency to form intergranular 
borocarbides upon cooling. In all 
cases, extensive intergranular boro-
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carbide precipitation could be com
p le te ly e l i m i n a t e d by p o s t w e l d 
annealing or normalizing between 
1580 and 1700 F. Although welds 
were deposited by both the SMAW 
and GMAW processes, the welding 
process used was not a factor in the 
formation of borocarbides in the HAZ. 

Introduction 
Boron, in amounts from 0.001 to 

0.003%, can be added to steel to in
crease hardenability; and, so long as 
the boron remains in solid solution, 
boron's effectiveness is fully utilized. 
However, under certain conditions, 
extensive borocarbide precipitation 
may occur at austenite grain bound
aries thereby greatly impairing the 
steel's hardenability and notch tough
ness. This investigation evaluates 
boron's borocarb ide- fo rming ten
dencies in the HAZ of 10B20 boron 
steel welds, as-deposited by the SMA 
(shielded metal-arc) and GMA (gas 
metal-arc) welding processes. 

Although little is known about the 
behavior of boron in the HAZ of steel 
welds, much insight can be gained by 
briefly reviewing some of the factors 
which promote intergranular borocar
bide formation in wrought steels and 
steel weld metal. In their study of 
ASTM A514-type J wrought steel, 
Melloy et al (Ref. 1) found that there 
was an optimum boron content of 
0.0020% corresponding to maximum 
hardenability and best notch tough
ness. A progressive loss of tough
ness with increasing boron content 
beyond 0.0025% was attributed to the 
formation of borocarbide particles of 
composit ion Fe23 (B,C)6 at prior 
aus ten i te g ra in bounda r i es . The 
amount of intergranular borocarbide 
precipitation was not only a function 

of b o r o n c o n t e n t b u t a l so of 
austenitizing temperature. Grange 
and Mitchell (Ref. 2) proved that the 
loss in hardenability when 86Bxx type 
boron steels were austenitized at ex
cessively high temperatures was d i 
rectly related to the kinetics of pre
cipitation of these borocarbides. The 
higher the austenitizing temperature, 
the greater the propensity to form in
tergranular borocarbides during sub
sequent cooling to a lower temper
ature and the greater the loss of 
boron's hardenability effect in the 
steel. 

Similarly, in recent work on 10B20 
boron steel weld metal, Heine and 
Devletian (Ref. 3) have shown that un
der certain conditions borocarbides 
readily precipitated at prior austenite 
grain and cell boundaries; and, that 
the amount of precipitation was de
pendent upon weld cooling rate as 
well as the initial boron content of the 
weld. Furthermore, there was also an 
o p t i m u m b o r o n c o n t e n t of a p 
proximately 0.002% corresponding to 
maximum hardenability and notched 
tensile strength. Any loss of these 
weld metal properties was directly at
tributed to the formation of excessive 
amounts of i n te rg ranu la r bo ro 
carbides during weld cooling. 

Based on the preceding informa
tion, the HAZ of a weld deposited on 
boron steel plate should be par
ticularly susceptible to such detri
mental borocarbide precipitation at 
prior austenite grain boundaries due 
to the extremely high peak temper
atures experienced during welding. 
Although the time duration of a typical 
heating and cooling cycle in the HAZ 
is quite short, the peak temperatures 
can be as high as the incipient melt
ing temperature at the weld-base 
metal interface or as low as the eutec-
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Fig. 1 — Cooling curves of weld metal deposited by the GMAW and SMAW processes on 
10B20 boron steel. The 1300 F weld cooling rate is indicated on each curve 

toid transformation temperature at 
the outer edges of the HAZ. Thus, the 
formation of intergranular borocar
bides in the HAZ of a boron steel 
should be contingent not only upon 
the weld cooling rate but also upon 
the peak temperature. 

Consequently, the objectives of this 
investigation were (a) to establish the 
effect of weld cooling rate and other 
t ime-temperature parameters upon 
the amount of borocarbide precipita
tion occurring in the HAZ of com
mercial 10B20 boron steel, (b) to 
determine the factors contributing to 
the formation or dissolution of boro
carbides and (c) to predict by a sim
ple mathematical model the amount 
of intergranular borocarbides which 
will form in the HAZ of SMA and GMA 
welds. 

Procedure 

Materials 

This study was performed on com
mercially available 10B20 boron steel 
plate containing: 0.0017% B, 0.19% 
C, 0.76% Mn, 0.22% Si, 0.08% Al, 
0.011% P and 0.022% S. Specimen 
thicknesses of 1/8, 1/4, 3/8 and 1/2 
in. were fabricated by cold rolling. 
These specimens were then cut into 
10 in. long by 8 in. wide sections and 
were annealed at 1600 F in an argon 
atmosphere. 

Welding 

All welding was performed by the 
automatic gas metal-arc welding 
(GMAW) and the manual shielded 
meta l -a rc we ld ing (SMAW) p r o 
cesses. Single pass bead-on-plate 
welds were deposited on 10B20 steel 

specimens containing a U-groove. 
Filler metals used in the GMAW pro
cess were 0.045 in. and 0.094 in. diam 
E70S-2 wire. Argon shielding gas (35 
cfh) was used to protect the GMA 
welds. In the manual SMAW process, 
E7018 covered electrodes were used 
to weld the boron steel specimens. 

Cooling Rate Determination 

Temperature measurement of the 
weld metal during solidification and 
subsequent cool ing was accom
plished by plunging an 0.020 in. diam 
W-3% Re/W-25% Re thermocouple 
directly into the molten weld pool be
hind the moving arc. The entire cool
ing curve for each weld was recorded 
automatically on a continuous chart 
recorder. 

To determine the weld cooling rate 
at 1300 F, a line was drawn tangent to 
the cooling curve at 1300 F. Since the 
plot of millivolts vs. temperature for 
this W-3% Re/W-25% Re thermo
couple was linear in the range of 
500 F to 2800 F, weld cooling rates at 
1300 F were calculated directly from 
the chart recordings for maximum ac
curacy. 

Controlling Weld Cooling Rate 

The weld and HAZ cooling rates 
were controlled by judicious selec
tion of welding variables. Fast cool
ing rates, greater than 80 F/sec. for 
example, were obtained by welding 
the 1/2 in. thick plates with low arc 
energy input, no preheating and ef
ficient metal-to-metal heat transfer 
from the workpiece to a cold copper 
backing plate. 

Conversely, slow cool ing rates 
were obtained by welding the thin

nest specimens (1/8 in. thick) with 
high heat input, preheating in an 
atmosphere controlled furnace to as 
high as 1000 F and using a similarly 
preheated steel backing plate. In 
order to obtain extremely slow weld 
cooling rates, i.e., less than 0.40 
F/sec, special 1/4 x 2 x 2 in. pre
heated specimens were welded with 
maximum possible heat input for this 
mickness and then immediately (while 
the weld temperature was still above 
2200 F) inserted into a furnace 
previously preheated to as high as 
2000 F and furnace cooled in an 
argon atmosphere to prevent de-
boronization. This procedure per
mitted the study of borocarbide pre
cipitation in the HAZ far beyond the 
widest possible range of weld cool
ing rates encountered in commercial 
GMA and SMA welding operations. 

Determination of Peak Temperatures 
In the HAZ 

In order to evaluate the effect of 
peak temperatures on the amount of 
borocarbide precipitation occurring 
in the HAZ, the entire range of HAZ 
peak temperatures from the weld fu
sion line to the outer periphery of the 
HAZ had to be determined. For max
imum accuracy, this was accom
plished by combining actual peak 
t empera tu re data f r om t h e r m o 
couples embedded in the HAZ with 
the Adams equation (Ref. 5). The 
Adams equation states: 

1 
TP - T0 

4.133/)CpdtV 1 
T m - T „ 

To 
Tm 

P 
Cp 
d 

V 
t 

peak temperature, F, at dis
tance, d, from fusion line 
initial plate temperature, F 
plate melting temperature, F 
density, lb/ft3 

specific heat, Btu/ lb-F 
distance f rom weld fusion 
boundary, ft 
rate of heat flow from arc, 
Btu/h 
arc travel speed, ft/h 
plate thickness, ft 

However, in this equation p and Cp 
were not constant but varied with 
temperature. Furthermore, TP also 
varied with different methods of heat 
removal from the weld such as using 
high conductivity vs. low conductivity 
backing plates. Thus, experimental 
values of 4.133pCp tV/q had to be de
termined for each weld for maximum 
accuracy. 

To do this, welds were deposited 
on 10B20 steel containing several W-
3% Re/W-25% Re thermocouples at 
various distances from the fusion line. 
The thermocouple bulbs were ground 
to 0.010 in. diam and welded into the 
10B20 steel surface at various dis
tances f rom the U-groove. Upon 
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depositing the weld metal into the U-
groove, the peak HAZ temperature at 
the t h e r m o c o u p l e loca t ion was 
recorded. The exact distance be
tween the fusion line and the center of 
the thermocouple was determined by 
making a transverse-to-weld metallo
graphic section and measuring this 
distance under the microscope. Once 
a particular peak temperature and its 
corresponding distance from the weld 
were experimentally determined, a 
value for 4 .133pC p tV /q could be 
calculated for the 10B20 steel work-
piece. 

For example, a thermocouple had 
been embedded just outside the area 
to be welded. After welding, d was 
measured to be 0.0141 ft and Tp was 
1300 F. Letting G = 4.133pCp tV/q and 
solving for the quantity represented 
by G, the Adams equation yielded: 

t 1 

1 

G 

11.300-80 

0.03133/F-ft 

Tm - T 0J (j 

i] 
1 

2723-80 0.0141 

This procedure was repeated several 
times for this particular set of weld
ing parameters and the value of 
0.03133/F-ft was found to be quite 
consistent. 

Using an average value of G = 
0.03133, the Adams equat ion re
duced to: 

1 
80 

0.03133 d + 
1 

2723 — 80 

Now the peak temperature in the HAZ 
could be plotted as a function of dis
tance, d. However, the value of the 
constant G had to be redetermined 
whenever the plate thickness and/or 
welding parameters were changed. 

Metallography 

All metallography of the HAZ struc
tures was performed on transverse-
to-weld sections in the immediate 
area of the embedded thermocouple 
for the most accurate correlation be
tween weld cooling rate and HAZ 
microstructure. These sections were 
electrolytically polished with a Cr0 3 

solution and then etched in picral. 

Results and Discussion 

Weld Cooling Curves 

During the welding of 10B20 boron 
steel specimens by the GMAW and 
SMAW processes, cool ing curves 
were recorded for each weld. In Fig. 1, 
several typical SMAW and GMAW 
cooling curves are presented to illus
trate the great range of weld cooling 
rates which were investigated. The 
abscissa of Fig. 1 had to be plotted 
logarithmically due to the large dif-

z o 
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Fig. 2 — Effect of 1300 F weld cooling rate on the amount of intergranular borocarbides 
precipitating in the HAZ of 10B20 steel 

ferences in cooling times between the 
fastest and the slowest cooling welds. 
Since the cooling curves around 1300 
F were of great interest in the work, 
the s tar t ing point on the char t 
recorder for each curve was arbitrar
ily set at 2000 F and finishing temper
ature was set at 800 F, below which 
readings were no longer taken. Cool
ing curves representing weld cooling 
rates between 2 to 80 F/s measured at 
1300 F are typical of SMAW and 
GMAW cooling rates encountered in 
commerc ia l welding appl icat ions. 
Specimens with weld cooling rates 
less than 0.4 F/s or greater than 80 
F/s were also studied in order to ex
amine the borocarbide precipitation 
phenomenon in the HAZ over the wid
est possible range of weld cooling 
rates practicable. 

From Fig. 1, it is strikingly clear that 
the welding process had no appreci
able effect upon the shape of the 
cooling curves. Welds deposited on 
10B20 steel by either the manual 
SMAW or GMAW processes exhibited 
similar weld cooling curves provided 
the weld cooling rate at 1300 F was 
the same. This strongly suggested 
that any metallurgical phenomena oc
curring in the HAZ of SMA and GMA 
welds would be primarily a function of 
weld cooling rate and not the welding 
process. 

Soluble vs. Insoluble Boron 

In the commercial 10B20 steel used 
in this study, the total boron con
centration was 0.0017% of which 
0.0009% was chemically analyzed to 
be "soluble" or uncombined boron 
while 0.0008% was "insoluble" or 
combined boron. Only the soluble 
boron was of interest in this inves
tigation because it was this soluble in
terstitial boron which was respon

sible for the format ion of inter
granular Fe23 (B,C)6 borocarbides in 
the HAZ of boron steel. 

The combined boron, on the other 
hand, is known to have no significant 
effect upon either mechanical prop
erties or hardenability of commercial 
boron steels. In the HAZ microstruc
ture of 10B20 steel, combined boron 
appeared as widely scattered par
t ic les of b o r o n - c o n t a i n i n g c o m 
pounds which did not dissolve nor did 
they partake signif icantly in any 
metallurgical reactions during normal 
thermal processing. Thus, only in
terstitial boron was of importance in 
this investigation, and any reference 
hereafter to the word "borocarbides" 
refers to Fe23 (B,C)6 which is formed 
from interstitial boron at austenite 
grain boundaries. 

Occurrence of Borocarbides in HAZ 

The amount of borocarbides form
ing at the prior austenite grain bound
aries in the HAZ of 10B20 steel welds 
was found to be a function of the weld 
cool ing rate as shown in Fig. 2. 
Whether the welds were deposited by 
the SMAW or GMAW processes 
made no apparent difference. Only 
the cooling rate controlled the amount 
of intergranular borocarbides occur
ring in the HAZ of SMA and GMA 
welds. 

For extremely fast weld cooling 
rates of 140 F/s or greater, no ap
preciable quantities of intergranular 
borocarbides precipitated in the HAZ, 
as shown in Fig. 2. However, as the 
weld cooling rate decreased from 140 
F/s to 3.7 F/s, the amount of inter
granular borocarbides increased up 
to a maximum amount. With further 
decreases in weld cooling rate from 
3.7 F/s to 0.02 F/s, the number of in
tergranular borocarb ide part icles 
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F/g. 3 — H/4Z microstructures of 10B20 steel for weld cooling 
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Fig. 4 — HAZ microstructures ot 10B20 steel for weld cooling 
rates of (a) 21 F/s and (b) 11 F/s. Etchant: picral. X600, reduced 
52% 

Table 1 — Criteria Used for Rating the 
Relative Amount of Borocarbides at Prior 
Austenite Grain Boundaries in the HAZ of 
10B20 Steel 

Rating Explanation 
0 No borocarbides at boundaries. 
2 Short stringers'3'along a few 

boundaries. 
4 Short and long stringers'3'in 

about half all boundaries. 
6 Long stringers'3'in about two-

thirds all boundaries. 
8 Long stringers'3' in most boun

daries. 
(t>) 

10 Long stringers'3' in essentially 
all boundaries. 

(a) "Stringer" is defined here as a row of unconnected 
borocarbide particles distributed along a prior 
austenite grain boundary. 

(b) The rating of 10 represents the maximum amount of 
precipitation observed in any HAZ of 10B20 steel. 

gradually decreased while the aver
age particle size tended to become 
coarser. 

The equation which best fits the 
data presented in Fig. 2 obeys the 
relationship: 

B = -M(log j j j + L)3 

+J(log S"T + L ) 2 + K ( 1 ) 

where dT/dt is the weld cooling rate 
measured at 1300 F and B is the rela
tive amount of borocarbide particles 
precipitating at prior austenite grain 
boundaries in the HAZ. The amount of 
intergranular borocarbides, B, can 
vary from the arbitrarily set limits of 
zero (no appreciable amount of inter
granular borocarbides) to a max
imum of 10 (maximum quantity of in
tergranular borocarbides) according 
to Table 1. The criteria set forth in 
Table 1 for measuring relative quan
tities of borocarbides had to be de
vised due to the extreme difficulty in 
measuring the absolute quantity of in
tergranular borocarbide particles in 

the HAZ microstructure. The values of 
the constants K, J, L and M in equa
tion 1 were evaluated to fit the data in 
Fig. 2. The values of these constants 
are dependent primarily upon the 
boron and alloy content of the par
ticular steel. 

Hence, in this investigation, the 
amount of borocarbides precipitat
ing in the HAZ of 10B20 steel during 
weld cooling was determined to be: 

B = - 0 . 7 4 ( l o g ^ + 2 ) 3 

+2.85(log dj_ + 2)2 + 3.74 (2) 
dt 

This equation can also be expressed 
in its equivalent form: 

- 0 . 7 4 ( l o g ^ I )3 

-1.59(loggf )2 

B 

+ 2.52 log en 
dt 

+ 9.22 (3) 

Equations 2 and 3 are the "best fit" 
equations for the experimental data 
shown in Fig. 2 and therefore apply 
specifically to SMA and GMA welds 
deposited on 10B20 steel provided 
the 1300 F weld cooling rate is within 
the range: 

0.02 F/s < dT/dt < 140 F/s 

Detection of Borocarbides in HAZ 

Optical metallographic techniques 
proved to be the only simple yet effec
tive method of clearly observing the 
presence of Fe23 (B,C)6 borocarbides 
at prior austenite grain boundaries in 
the HAZ of 10B20 steel welds. Other 
techniques such as electron micro
probe analysis and neutron-act i 
vated autoradiography by the method 
of Hughes and Rogers (Ref. 4) were 
tried but shown to be ineffectual. The 
electron microprobe was unable to 
detect the low boron content used in 
boron steel and act ivated boron 
metallography required painstaking 
labor to obtain somewhat limited in
formation for the intended purpose of 
this investigation. 

10B20 boron steel was ideally 
suited for metallographic analysis be
cause its ha rdenab i l i t y was low 
enough that, upon weld cool ing, 
whi te-etching proeutecto id ferr i te 
comp le te l y enve loped the pr io r 
austenite grain boundaries even up to 
weld cooling rates as fast as 90 F/s. 
This greatly facilitated the detection of 
borocarbides at prior austenite grain 
boundaries since the dark-etching 
borocarbide precipitates were clear
ly delineated against a "white" back
ground of blockly or proeutectoid fer
rite as illustrated, for example, by the 
microstructures in Figs. 3 through 7. 

For weld cooling rates faster than 
90 F/s, the task of observing the pres
ence of intergranular borocarbides 
in a martensitic matrix was still prac
t icable. Since martensi te etched 
much lighter than Fe23 (B,C)6, the in
tergranular borocarbides were easily 
exposed. Thus, borocarbides in the 
HAZ of 10B20 steel were accurately 
observed throughout the extremely 
wide range of weld cooling rates 
studied. 

Microstructures of HAZ vs. 
Cooling Rate 

The effect of GMA weld cooling rate 
upon the amount of intergranular 
borocarbide precipitation and upon 
other structural features in the HAZ of 
10B20 steel is illustrated by the micro-
structures in Figs. 3 through 7. For 
ease of comparison, these micro-
structures were all photographed at 
X600 and arrows were superimposed 
on each photomicrograph to point out 
the borocarbides which have pre
cipi tated at prior austenite grain 
boundar ies. Fur thermore, it was 
found that the HAZ microstructures of 
SMA welds were virtually identical to 
those of GMA welds. Thus, to avoid 
repetition, only the HAZ microstruc
tures of GMA welds were presented in 
Figs. 3 through 7. 

When GMA welds, deposited on 
10B20 steel were cooled at weld cool-
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Fig. 5 — HAZ microstructures of 10B20 steel for weld cooling 
rates of (a) 3.7 F/s and (b) 3.0 F/s. Etchant: picral. X600, reduced 
52% 

F/'g. 6 — HAZ microstructures of 10B20 steel lor weld cooling 
rates of (a) 2.2 F/s and (b) 0.89 F/s. Etchant: picral. X600, reduced 
52% 

ing rates greater than 140 F/s, only 
negligible quantities of intergranular 
borocarbide precipitation occurred in 
the HAZ (Fig. 2). The microstructures 
of these rapidly cooled HAZ's were 
entirely martensitic. However, as the 
weld cooling rate was decreased to 
140 F/s, the first traces of distinct 
borocarbide precipitation at prior 
aus ten i te g ra in bounda r i es a p 
peared. Again, because of the rapid 
weld cooling rate, the matrix of this 
HAZ was entirely martensitic. 

At 90 F/s, more intergranular boro
carbides precipitated in the HAZ as 
shown in Fig. 3a. Here, the borocar
bides consisted of a few very fine par
ticles along the prior austenite grain 
boundaries from which upper bainite 
had also precipitated. This micro-
structure contained nearly all marten
site with some small regions of upper 
bainite. The amount of intergranular 
borocarbides in the HAZ correspon
ded to a rating of 2.5 (see Table 1) out 
of a maximum of 10. 

As the weld cooling rate was further 
decreased below 90 F/s, the amount 
of borocarb ides forming at prior 
austenite grain boundar ies con
tinued to increase until a maximum 
amount of precipitation occurred at 
the opt imum cooling rate of 3.7 F/s. 
Figures 3b, 4a, 4b and 5a represent 
weld cooling rates of 39, 21 , 11 and 
3.7 F/s respectively. 

At a weld cooling rate of 39 F/s, the 
amount of intergranular borocar
bides corresponded to a rating of 6 
(see Fig. 2); while, at the opt imum 
cooling rate of 3.7 F/s, the amount of 
borocarb ides cor responded to a 
maximum rating of 10. However, as 
the amount of intergranular pre
cipitation increased with decreasing 
cooling rate, the average borocar
bide particle size increased slightly. 
The structure of the HAZ gradually 
changed from bainitic at 39 F/s to a 
mixture of bainite and fine pearlite at 
3.7 F/s, while, the amount of pro

eu tec to id fe r r i te i nc reased co r 
respondingly with decreasing cool
ing rate. 

Upon decreasing the weld cooling 
rate from the opt imum rate of 3.7 F/s 
down to an extremely slow rate of 0.02 
F/s, the fol lowing microst ructura l 
changes occurred as observed in 
Figs. 5, 6 and 7: (a) the amount of in
tergranular borocarbides decreased 
from a maximum rating of 10 at 3.7 
F/s to 4 at 0.02 F/s (Fig. 2), (b) on the 
average, each borocarbide particle 
became coarser, (c) the amount of 
proeutectoid ferrite increased and (d) 
the lamellar spacing of pearlite in
creased. 

Thus, in this microstructural study 
of the HAZ of 10B20 boron steel, the 
amount of intergranular borocarbide 
precipitation was indeed found to be 
dependent upon the weld cooling rate 
in the manner described by equation 
2 and Fig. 2. Furthermore, the aver
age borocarbide particle size at prior 
austenite grain boundaries was also 
found to be dependent upon cooling 
rate. 

Predicting the Presence of 
Borocarbides in HAZ 

Since the precipitation of borocar
bides was complete ly dependent 
upon weld cooling rate, it now be
comes possible to predict the quan
tity of intergranular borocarbides oc
curring in the HAZ before the weld is 
even made. This can be done simply 
by calculating the anticipated weid 
cooling rate at 1300 F and substitut
ing this value into equation 2. For 
example, suppose a certain thick
ness of 10B20 boron steel plate is go
ing to be welded by either the GMAW 
or SMAW processes using an arc 
energy input of 6000 joules/ in. The 
weld cooling rate at 1300 F can be 
readily calculated by applying the 
methods of Signes (Ref. 6), Dorschu 
(Ref. 7) or others. Using Signes equa
tion, the 1300 F weld cooling rate for 

2-dimensional heat flow in SMA and 
GMA welds can be calculated as 
follows: 

p2 (1300 - T„)3 

(4) dJL = B, 
dt 

p = platethickness 
E = h e a t input measured at 

welding head 
T0 = i n i t i a l t e m p e r a t u r e 

of p i a t e 

B, = experimental constant 

Once the cooling rate has been cal
culated (and suppose the cooling was 
hypothetically calculated to be 3 F/s) 
substitution of this value into equa
tion 2 yields: 

B = - 0.74 (log 3 + 2)3 

+ 2.85 (log 3 + 2)2 + 3.74 
B = 9.9 

The amount of borocarbides oc
curring in 10B20 HAZ is 9.9 out of a 
maximum possible rating of 10. This 
would be comparable to the micro-
structure shown in Fig. 5b. Such a 
large amount of intergranular boro
carbide precipitation could possibly 
decrease not only the notched tough
ness as indicated by Melloy et al 
(Ref. 1) but also boron's harden
ability effect in the HAZ. 

Peak HAZ Temperature vs. 
Borocarbide Formation 

In the previous sections, it has been 
established that intergranular boro
carbide precipitation in the HAZ was 
dependent upon weld cooling rate as 
shown in Fig. 2. This is quite true, but, 
the distribution of intergranular boro
carbides throughout the entire HAZ of 
10B20 boron steel was not found to 
be perfectly uniform. In fact, only 
about one-third of the HAZ actually 
con ta ined fu l ly deve loped bo ro 
carbides while the rest of the HAZ 
contained little or no precipitation as 
illustrated in Fig. 8a. Although Fig. 8a 
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Fig. 7 — HAZ microstructures of 10B20 steel for weld cooling 
rates of (a) 0.19 F/s and (b) 0.02 F/s. Etchant: picral. X600. reduc
ed 52% 
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Fig. 9 — Microstructures of the HAZ of 10B20 steel after postweld 
(a) annealing and (b) normalizing at 1650 F — 1 h. Figure 5(a) 
shows this HAZ microstructure before heat treating. Etchant: 
picral. X600, reduced 52% 
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Fig. 8 — Relationship between (a) the density distribution ot intergranular borocarbides 
within the HAZ of 10B20 steel and (b) the peak HAZ temperatures as a tunction ot distance 
from the weld fusion line. Welded by GMAW process and cooled at 3.0 F/s 

represents only one particular welded 
specimen, it is typical of the boro
carbide distribution which occurs in 
the HAZ of 10B20 steel. 

This behavior of boron strongly 
indicates that the distribution of boro
carbides in the HAZ is dependent not 
only upon cooling rate but also upon 
the peak temperature. From Fig. 8a 
and b, it can be seen that any peak 
temperature in the HAZ greater than 
approximately 2100 F produced inter
granular borocarbides in the amounts 
indicated in Fig. 2 for a particular weld 
cooling rate. Clearly, those parts of 
the HAZ which were close to the weld 
fusion line experienced high peak 
temperatures (i.e., high into the 
austenite range) and therefore ex
hibited substantial precipitation upon 
cooling. However, the actual amount 
of borocarb ide precip i tat ion was 
dependent upon weld cooling rate. 
Peak temperatures in the HAZ of less 
than approximately 1750 F resulted in 
no apprec iab le borocarb ide pre
cipitation at austenite grain boun
daries. These findings generally con
cur in principle with those of Grange 
and Mitchell (Ref. 2) in that high 
austenitizing temperatures in boron 
steel produce intergranular borocar
bides while low austenitizing temper
atures do not. 

Elimination of Borocarbides by 
Heat Treatment 

Postweld annealing or normalizing 
was found to be an excellent method 
to effectively eliminate all traces of in
tergranular borocarbides from the 
HAZ of 10B20 boron steel. Borocar
bides were efficiently removed by 
normalizing or annealing within the 
temperature range of 1580 to 1700 F. 
For example, the welded specimen 
whose HAZ contained large amounts 
of intergranular borocarbides (shown 
in Fig. 5a) was subsequently an
nealed at 1650 F for one hour. The re
sulting microstructure shown in Fig. 
9a proved that the HAZ after having 
been annealed contained no observ-
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able in te rg ranu la r b o r o c a r b i d e s . 
Postweld normalizing produced sim
ilar results as shown in Fig. 9b. How
ever, annealing or normalizing tem
peratures significantly higher than 
1700 F (especially above 2000 F) re
sulted in renewed borocarbide pre
cipitation at the austenite grain boun
daries. 

Heat treatments which interrupted 
the weld cooling process also af
fected the amount of intergranular 
borocarbide precipitation in HAZ. It 
was found that borocarbides could be 
greatly reduced in the HAZ of SMA 
and GMA welds if the weld were ex
tremely slowly cooled through the 
temperature range from 1750 F to 
1580 F to allow maximum time for 
agglomeration of borocarbides. As an 
illustration, a weld was made using 
welding parameters necessary to in
sure a weld cooling rate of 3 to 4 F/s 
at 1300 F. However, before the weld 
could cool below 2200 F, the weld 
(and attached thermocouple) was 
quickly inserted into an adjoining fur
nace p rehea ted to 1650 F. The 
specimen was held in the furnace at 
1650 F for one-half hour and then air-
cooled. The resulting microstructure 
exhibited a substantial reduction in 
the total number of intergranular 
borocarbides but the average size of 
each particle was noticeably coarser. 
The actual amount of intergranular 
borocarbides in this HAZ corres
ponded to a rating of 5; while, of 
course, if this same weld were per
mitted to cool normally, without hold
ing at 1650 F in a furnace, it would 
have precipitated a maximum amount 
of borocarbides corresponding to a 
rating of 10 similar to those HAZ 
structures shown in Fig. 5. 

Explanation of Boron's Behavior 
in HAZ 

Although much has been reported 
concerning the mechanism of boron's 
behavior in wrought steels, little is ac
tually fully understood. In this study, it 
was found that the precipitation of in
tergranular borocarbides in the HAZ 
of 10B20 boron steel was dependent 
upon weld cooling rate in a manner i l
lustrated in Fig. 2. Such precipitation 
during weld cooling was in fact quite 
difficult to avoid. Yet, when the weld 
cooling rate was extremely fast (140 
F/s) or when a postweld normalizing 
heat treatment was performed, the in
tergranular borocarbides vanished 
from the HAZ of GMA or SMA welds. 

Such behavior suggests that boron, 
which is an oversized interstitial atom 
in austenite, has a strong tendency to 
form solute atmospheres in and 
around grain boundaries as well as 
dislocations. Since the strain energy 
of an average high-angle grain boun
dary is significantly greater than that 
of a dislocation and since the disloca

tion density in fully recrystallized 
austen i te is only m i n i m a l , sub 
stantially more boron would be ex
pected to concentrate at austenite 
grain boundaries than at disloca
tions. Thus, the formation of an atmo
sphere in and around a boundary 
would lower the elastic strain energy 
of not only the boundary but also that 
associated with each interstitial boron 
atom. 

In the HAZ of welds, where heating 
to peak temperatures and subse
quent cool ing occur quickly, dif
fusion of boron to grain boundaries 
must also occur rapidly in order to ac
count for the large amount of inter
granular borocarbides precipitating 
at cool ing rates below 140 F/s. 
Furthermore, at peak temperatures 
above 2100 F, the growth rate of 
austenite grains is substantial; and, as 
the grain boundar ies sweep out 
across large volumes of metal during 
the grain growth phase of this ther
mal cycle, a large percentage of 
boron atoms come into contact with 
boundaries of austenite grains. Since 
the boundary represents an "energy 
we l l " for intersti t ial atoms, many 
boron atoms remain in and around 
the boundary. During subsequent 
cooling, however, the solid solubility 
of boron in 0.20% carbon steel de
creases with decreasing temperature 
so that the boundaries of austenite 
become supersaturated. With addi
t ional cool ing through the lower 
regions of the austenite field, the 
grain boundaries become so super
saturated that intergranular boro
carbide precipitation results. The de
gree of precipitation is greatly depen
dent upon both the weld cooling rate 
and the peak austenitizing temper
atures experienced by the HAZ. 

The weld cooling rate is a con
trolling factor over the precipitation of 
borocarbides because the processes 
of nucleation and growth are t ime-
dependent phenomena. As the weld 
cooling rate is increased from the op
t imum value of 3.7 F/s to 140 F/s, the 
concentration of intergranular boro
carbides in the HAZ progressively de
creases to essentially zero (Fig. 2). On 
the other hand, as the weld cooling 
rate is slowed down from 3.7 F/s to 
only 0.02 F/s, the agglomeration of 
b o r o c a r b i d e p a r t i c l e s b e c o m e s 
signif icant. This agglomerat ion is 
quite similar, in appearance, to the 
overaging of second phase pre
cipitates in age hardening alloys. 
Even though the total number of inter
granular borocarbides in the HAZ de
creases with extremely slow weld 
cooling rates, the average particle 
size coarsens. Consequently for slow 
cooling rates, few active nuclei at 
grain boundar ies are capable of 
precipitating borocarbides but much 
diffusion time is available for migra

tion of boron atoms resulting in a few 
coarse intergranular borocarbides 
(see Fig. 7b). At weld cooling rates 
around the opt imum of 3.7 F/s, many 
borocarbide nuclei are precipitated at 
grain boundaries of austenite and yet 
there is sufficient diffusion t ime for the 
growth of each borocarbide particle, 
resulting in maximum borocarbide 
precipitation (see Fig. 5a). Fast weld 
cool ing rates result in numerous 
potential nucleating sites at austenite 
grain boundaries but insufficient t ime 
for diffusion of boron to develop any 
significant amount of borocarbide 
precipitation in the HAZ. 

Peak temperatures affect not only 
the amount of borocarbide precipi
tating but also where it precipitates in 
the HAZ. Close to the weld fusion line 
where the peak temperatures are 
greater than 2100 F, large amounts of 
intergranular borocarbides precipi
tate during weld cooling. This is be
cause the solid solubility of boron in 
10B20 steel increases with increasing 
temperature in the austenite field so 
more segregation of boron to grain 
boundaries is permitted at the high 
temperatures than at the lower aus
tenitizing temperatures (i.e., below 
about 1800 F). 

Thus, austenite grain boundaries in 
the HAZ which experience high peak 
temperatures are capable of being 
saturated with more boron than grain 
boundaries which are further away 
from the weld and exposed to lower 
peak temperatures. As a result, dur
ing weld cool ing, the high peak 
temperature boundaries are super
saturated with boron and quickly pre
cipitate intergranular borocarbides 
while the lower peak temperature 
boundaries contain too little boron for 
supersaturation so no borocarbides 
occur, as was evident in Fig. 8. 

Postweld normalizing or annealing 
at low austenitizing temperatures (be
tween 1580 and 1700 F) is the most 
effective method to totally eliminate 
previously formed intergranular boro
carbides in the HAZ of 10B20 boron 
steel. Although postweld heat treat
ment in th is t e m p e r a t u r e range 
causes borocarbides to slowly dis
solve into the austenite matrix, the 
rapid dissolution of borocarbides, 
which was experimently observed, is 
augmented by the nucleation of new 
austenite grains at the carbide-ferrite 
interfaces in pearlite or bainite. Here, 
the borocarbides at annealing or nor
malizing temperatures f ind them
selves no longer located at grain 
boundaries but are now positioned 
within grains of austenite. This greatly 
increases the surface energy of each 
borocarbide particle and promotes a 
more rapid dissolution of borocar
bides. 

As the particles dissolve, interst i 
tial boron atoms are free to migrate in 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 11-s 



search of defects and grain boun
daries around which to form an atmo
sphere. However, at such low aus
tenitizing temperatures, insufficient 
boron can accumulate at grain boun
daries to produce renewed borocar
bide precipitation upon subsequent 
cooling below the proeutectoid ferrite 
and eutectoid transformations. Con
sequently, elimination of previously 
formed intergranular borocarbides in 
the HAZ can be rapidly and easily ac
complished by either annealing or 
normalizing operations. 

Conclusions 

The formation of intergranular 
borocarbides in the HAZ of SMA and 
GMA welds deposi ted on 10B20 
boron steel can be characterized by 
the following: 

1. The amount of borocarbides, 
which form at prior austenite grain 
boundaries in the HAZ during weld 
cooling, is dependent upon the weld 
cooling rate according to the rela
tionship: 

B 0.74 (log | I + 2)3 

+ 2.85 (log dj_ 
dt 

+ 2)2 + 3.74 

for weld cooling rates between 0.02 
F/s to 140 F/s. There is an opt imum 
weld cooling rate of 3.7 F/s which 

produces the maximum amount of 
borocarbide precipitation. Above 3.7 
F/s, the amount of precipitation de
creases until no borocarbides are 
able to form at cooling rates greater 
than 140 F/s. From 3.7 F/s down to 
0.02 F/s, the amount of borocarbides 
gradually decreases while the aver
age borocarbide particle size be
comes coarser. 

2. High peak temperatures (above 
2100 F) in the HAZ result in substan
tial intergranular borocarbide pre
cipitation upon cooling while low peak 
temperatures (below 1800 F) result in 
negligible precipitation. However, this 
amount of borocarbides forming at 
the high peak temperatures is still de
pendent upon the weld cooling rate in 
accordance with the above equation. 

3. The we ld ing p rocess used 
(SMAW and GMAW) is not a factor in 
the formation of borocarbides. 

4. Postweld anneal ing or nor
malizing between 1580 F and 1700 F 
can completely eliminate previously 
formed intergranular borocarbides in 
the HAZ. 

Thus, for typical SMA and GMA 
weld cooling rates commonly en
countered in commerc ia l welding 
practice, it is highly probable that the 
HAZ of 10B20 steel and undoubtedly 
other boron steels will contain sub
stantial amounts of intergranular 
borocarbide precipitation. This may 

possibly be harmful in applications 
where hardenabi l i ty and notched 
toughness are critical. 
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