A Comparative Study of the Heat Affected Zone (HAZ)
Properties of Boron Containing Low Carbon Steels

0.M. AKSELSEN, @. GRONG, and P. E. KVAALE

Quantitative information on the HAZ hardenability of two low carbon microalloyed steels containing
different boron levels (11 and 26 ppm B) has been obtained on the basis of the weld thermal simulation
technique. The extent to which boron affects the HAZ hardenability was found to depend both on the
peak temperature and the base plate boron content, in agreement with predictions based on a theoretical
model for quench-induced segregation of boron in steel. At the highest boron level (26 ppm B), the
hardenability of the grain refined region was approaching that of the grain coarsened one, which
resulted in an approximately uniform microstructure within the transformed parts of the HAZ. How-
ever, indications are that additions of boron to conventional low carbon microalloyed steels should be
restricted to about 10 to 15 ppm B due to the risk of embrittlement in the grain coarsened region at

higher boron concentrations.

I. INTRODUCTION

'THE role of boron in steel transformation kinetics has been
a subject of research for many years. Extensive studies were
carried out on boron containing steels during World War II
because of the pressing shortage of strategic metals. These
early studies revealed that boron in many respects is a
unique alloying element by virtue of its powerful effect
on the steel hardenability.'~* However, due to the imminent
risk of embrittlement (arising from precipitation of boro-
carbides), additions of boron are currently limited to cer-
tain grades of low carbon microalloyed steels and quenched
and tempered steels where the hardenability is of partic-
ular concern.’

Despite the fact that boron containing low carbon steels
are used to an increasing extent in various welded structures,
surprisingly little information is available in the literature
regarding the specific effects of boron on the heat affected
zone (HAZ) properties.® Consequently, the main objective
of the present investigation is to provide preliminary data on
the HAZ hardenability and toughness of such steels, which
in turn can serve as a basis for future research work within
this field.

II. MATERIALS AND
EXPERIMENTAL PROCEDURE

The chemical composition and mechanical properties of
the two boron containing low carbon steels examined are
outlined in Tables I and II. It is apparent from the com-
position data in Table I that the overall chemistry of the two
base plates (in the following designated A and B) is reason-
ably similar, with the exception of the boron content (11 and
26 ppm, respectively). However, there is a marked differ-
ence in the inclusion morphology between steels A and B,
the latter one containing stringers of manganese sulfide.
This gives rise to a low toughness of steel B in the transverse
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direction as indicated by the Charpy V Notch (CVN) data in
Table II. The pertinent variation in the inclusion mor-
phology between the two steels probably reflects a different
base plate hot rolling procedure. This assumption is further
substantiated by the fact that the ferrite grain size of steel B
was found to be significantly coarser than that of steel A
(14.7 pm vs 6.9 um).

Assessment of the HAZ transformation behavior was
done on the basis of the weld thermal simulation technique.
Specifically, this involved determination of the trans-
formation start and end temperatures from (i) numerical
derivation of the temperature-time cooling curve of in-
duction heated hollow cylindrical specimens (of 6 mm
length, 5 mm o.d., and 3.5 mm i.d.), and (ii) dilatometry
measurements on resistance heated CVN specimens. Suf-
ficient experiments were carried out to establish the full
CCT diagrams of the grain coarsened region (7, = 1350 °C)
as well as the grain refined region (7, = 1000 °C) of
the HAZ. It should be noted that the recorded signals for
the bainite reaction both include the acicular ferrite and the
more predominant ferrite sideplate transformation. Hence,
the temperature range of the acicular ferrite transformation
is rather uncertain and is therefore only tentatively indicated
in the CCT diagrams.

The volume fraction of the various microstructural con-
stituents was calculated from more than 600 points counted
at 500 and 1000X in the light microscope, using the follow-
ing classification system (Figure 1):

M —lower bainite and martensite.

SP—ferrite sideplates (i.e., Widmanstitten ferrite and
upper bainite), intergranularly or intragranularly
nucleated parallel ferrite laths.

AF —acicular ferrite, intragranularly nucleated separate
ferrite needles of a high aspect ratio.

F— grain boundary ferrite or polygonal ferrite.

P— pearlite, preferentially in the form of pearlite bands
in the grain refined region at relatively slow cooling
rates (similar to that observed in parent plates).

The metallographic examination of the synthetic HAZs also
included measurements of the prior austenite grain size (the
linear intercept technique) and the Vickers hardness (HVs)
of selected specimens.
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Table 1.

Steel Composition in Weight Percent (Plate Thickness: 30 mm)

Mo V Al Nb Ti N B 0

0.02 0.04 0.036 0.017 0.004 0.0040 0.0011 0.0024
0.07 0.04 0.057 0.002 0.003 0.0035 0.0026 0.0025

Steet C Mn Si P S Ct Ni Cu
A 011 144 037 0.009 0.004 0.02 0.15 0.15
B 0.13 1.38 0.30 0.013 0.004 0.03 0.18 0.11

Table II. Mechanical Properties (Transverse Specimens)

Yield Tensile Notch
Strength ~ Strength  Elongation Toughness

Steel (MPa) (MPa) (Pct) at —40 °C (J)
A 385 514 32 242
B 330 510 28 35

Impact testing of the thermally cycled CVN specimens
was performed at —20 °C. All CVN data reported in the
present investigation are the arithmetic mean of two parallel
tests. Both steels were assessed in the transverse (T-L) di-
rection (i.e., the notch parallel to the plate rolling direc-
tion). In addition, steel B was tested in the longitudinal

YL
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b

Fig. 1—Classification of HAZ microstructures. The various micro-
constituents indicated in the figure are defined in the text.
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(L-T) direction (i.e., the notch perpendicular to the plate
rolling direction) to account for an expected anisotropy in
the HAZ mechanical properties caused by the presence of
elongated manganese sulfide stringers in this particular
base metal.

For a more detailed description of the experimental proce-
dure, reference is made to the original technical report.’

III. RESULTS AND DISCUSSION
A. HAZ Transformation Behavior

1. Steel A (11 ppm B)

Itis apparent from the CCT diagrams contained in Figure 2
that the grain coarsened region (7, = 1350 °C) transforms
at a much slower rate than the grain refined one
(T, = 1000 °C) for a given cooling time from 800 to 500 °C,
Atgs. This finding is not surprising, considering the smaller
austenite grain boundary area available for ferrite nucleation
in the former case. The microstructures formed within the
grain coarsened region consist predominantly of martensite
at fast cooling rates (Atg;s less than about 10 seconds) and
a mixture of martensite/ferrite sideplates at slower cooling
rates (Figure 3(a)). A reduction in the peak temperature from
1350 to 1000 °C resulted in the formation of a duplex micro-
structure composed of bands of martensite and/or ferrite
sideplates in a matrix of polygonal ferrite (Figure 3(b)). The
observed difference in the transformation behavior between
the grain coarsened and the grain refined region is further
evidenced by the hardness data contained in Figure 4.

2. Steel B (26 ppm B)

An inspection of the CCT diagrams in Figure 5 reveals
a significant effect of boron on the HAZ transformation
behavior. At a boron level of 26 ppm B, the hardenability
of the grain refined region (T, = 1000 °C)is approaching that
of the grain coarsened one, despite the differences in austenite
grain size. It is apparent from the micrographs in Figure 6
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Fig. 2— Steel A— CCT diagram. Solid line: T, = 1350 °C, broken line:
T, = 1000 °C.
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®
Fig. 3— Steel A— Typical HAZ microstructures formed within (a) the

grain coarsened region (Atys = 12 s), and (b) the grain refined region
(Atgs = 8s).
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Fig. 4 —Steel A—Effect of Atys on the HAZ hardness. Filled symbols:
T, = 1350 °C, open symbols: T, = 1000 °C.
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Fig. 5—Steel B—CCT diagram. Solid line: T, = 1350 °C, broken line:
T, = 1000 °C.
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Fig. 6— Steel B— Typical HAZ microstructures formed within (a) the

grain coarsened region (Atys = 14 s), and (b) the grain refined region
(Atg/s =13 S).
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that the fraction of martensite and ferrite sideplates is almost
identical in these two regions; so is also the hardness level
(Figure 7).

3. Peak temperature

The effect of peak temperature on the HAZ harden-
ability at a constant cooling time from 800 to 500 °C
(Atgs = 8 seconds) is shown in Figures 8 and 9. The marked
differences in transformation behavior between the two steels
are clearly seen both from the microstructure and hardness
data contained in the respective figures. At the highest boron
level (steel B), a fully martensitic microstructure can be
achieved down to about 1050 °C under the cooling conditions
employed. This observation is rather surprising and in sharp
contrast to the more traditional behavior of steel A, where
the fraction of martensite starts to level off at a peak tem-
perature typically below 1200 °C. It should be noted, how-
ever, that steel A locally may exhibit high hardness values
in the grain refined region (approaching that of steel B) due
to the characteristic banded microstructure composed of mar-
tensite and ferrite. Since the extent of austenite grain growth
occurring during heating at elevated temperatures is approxi-
mately the same for both steels (Figure 10), the observed
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Fig. 7-—Steel B—Effect of Atgs on the HAZ hardness. Filled symbols:
T, = 1350 °C, open symbols: T, = 1000 °C.
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Fig. 8 — Effect of peak temperature on the HAZ volume fraction of mar-
tensite (Atys = 85). Filled symbols: steel A, open symbols: steel B.
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Fig. 9—Effect of peak temperature on the HAZ hardness (Atgs = 83).
Filled symbols: steel A, open symbols: steel B.
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Fig. 10— Influence of weld thermal program on the HAZ austenite grain
coarsening behavior. (a) Effect of Atys (T, = 1350 °C), and (b) effect of

peak temperature (Atys = 8s). Filled symbols: steel A, open symbols:
steel B.
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differences in hardenability between steels A and B are mainly
attributed to the dissimilar boron content.

B. Impact Testing

The results from the impact testing of the thermally
cycled CVN specimens are shown graphically in Figures 11
and 12. Steel A (Figure 11) reveals satisfactory impact prop-
erties in the grain coarsened region over a wide range in Atys
due to a high fraction of low carbon autotempered mar-
tensite. It is interesting to note that the CVN toughness of
the grain coarsened region exceeds that of the grain refined
one at high and medium cooling rate (Atgs less than
20 seconds). This situation probably arises from the banded
martensite/ferrite microstructure of the latter region.

In the case of steel B (Figure 12), the presence of elon-
gated manganese sulfide stringers, aligned in the plate roll-
ing direction, gives rise to anisotropy in the HAZ impact
properties. As expected, a general improvement of the HAZ
toughness is observed when testing is performed in the
(L-T) direction compared with the (T-L) direction over the
entire range of Atys examined. A ranking of the two steels
(Figure 13) at a constant cooling time from 800 to 500 °C
(Atgs = 8 seconds) reveals that the HAZ CVN toughness of
steel B in the (L-T) direction is significantly higher than that
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Fig. 11 — Steel A —Effect of Atys on the CVN impact energy at —20 °C.
Filled symbols: T, = 1350 °C, open symbols: T, = 1000 °C.
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Fig. 12— Steel B— Effect of Atys on the CVN impact energy at —20 °C.
Filled symbols: T, = 1350 °C, open symbols: T, = 1000 °C.
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Fig. 13— Effect of peak temperature on the CVN impact energy at —20 °C
(Atys = 8s). Filled symbols: steel A, open symbols: steel B.

of steel A within the peak temperature interval from 1000 to
1300 °C. This finding is not surprising, considering the dif-
ferences in microstructure and notch orientation between the
two steels. However, when comparison is made on the basis
of the grain coarsened region (T, = 1350 °C), steel A ap-
pears to exhibit slightly better impact properties, indicating
a possible detrimental effect of boron at high concentrations
(to be discussed later).

C. Boron Hardenability Mechanisms

The primary effect of boron on the steel hardenability is
to raise the energy barrier to ferrite nucleation at the aus-
tenite grain boundaries. Although the mechanisms involved
are not yet fully understood, free boron is known to segre-
gate extensively to the austenite grain boundaries® where it
reduces the grain boundary energy.®*'® Based on trans-
formation kinetics theory, it can be rationalized that a de-
crease in the austenite grain boundary energy will suppress
the nucleation of ferrite at these sites."' Further enhancement
of the energy barrier to ferrite nucleation due to an increase
in the total strain energy of the embryo is possible if the free
grain boundary volume becomes filled with either boron
atoms' or borocarbide precipitates, Fe,;(B, C)s. In addition,
these precipitates have been proposed to inhibit ferrite nu-
cleation at the early stages of transformation by virtue of
their semicoherent nature.'? The inhibition of ferrite nuclea-
tion at the coherent side of the austenite grain boundary has
been verified experimentally.” It should be noted, however,
that the effectiveness of boron as a hardenability element is
contingent upon an effective protection of boron from nitro-
gen and oxygen through sufficient additions of titanium
and aluminum.

Quantitative information on the extent of boron segre-
gation which occurs to the austenite grain boundaries under
various thermal programs can be obtained on the basis of a
well established theoretical model for quench-induced seg-
regation of boron in steels.®' At peak temperatures beyond
1000 to 1100 °C, borocarbides and -nitrides present in the
base plate will rapidly dissolve in the matrix,”' leading to
a significant increase in the amount of free diffusible boron.
Generally, solute atoms in a crystal lattice will have an
associated strain energy,® which implies that it is ener-
getically feasible to pair the solute boron atom with a
vacancy. Since the formation of vacancies is a thermally
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activated process, it follows that the fraction of boron
occupying such sites, {B],, increases exponentially with
temperature: '

_ -E ﬁ)
[B], = k[B] exp( 7t &r [
Here k contains various geometric and entropy terms, E is
the vacancy formation energy, E, is the vacancy-boron bind-
ing energy, and [B] is the bulk concentration of boron,
On introduction of appropriate numbers of k, E;, and E,
from Williams e al." in the case of formation of boron-
vacancy complexes in austenite, it follows:

(B)opm) = 4giB] exp( - 0)
During cooling, the vacancy concentration initially estab-
lished at elevated temperatures tends to readjust by elimi-
nation of excess point defects at grain boundaries through
diffusion. This, in turn, will result in an associated flow of
solute boron to the austenite grain boundaries (the extent of
which is controlled by the peak temperature and the bulk
boron concentration),' provided that the diffusivity of the
boron-vacancy complexes is higher than that of the va-
cancies and the boron atoms at all relevant temperatures.
The assumption of such highly mobile boron-vacancy com-
plexes is the basis for the theoretical model proposed by
Williams et al "

Consider now the limiting case where the boron-vacancy
complex diffusion to the grain boundaries occurs suf-
ficiently rapid to keep pace with the falling temperature;
i.e., the equilibrium concentration, [B],, is maintained
from the peak temperature (7,) down to the start temperature
of the austenite to ferrite transformation (7,). Viewed
against the diffusivity of boron-vacancy complexes in aus-
tenite, this is not an unrealistic assumption when the cooling
rate is of the order of 50 °C/s (representative of a weld
HAZ)." Under such conditions, the amount of boron which
segregates to the austenite grain boundaries within the
temperature interval from T, to T, on cooling, [B],, can
approximately be written as:

[Bles(ppm) = [B]}> — [B]:

= 48[B] exp(—

86850 ) ;3]

RT,

when 7, > T,.

Because the grain boundary area per unit volume (S,) is
inversely proportional to the average austenite grain di-
ameter (d,), the product (d, [B],,) may be taken as a mea-
sure of the grain boundary boron concentration. This makes
it possible to assess the combined effects of base plate boron
content and austenite grain size on the resulting HAZ trans-
formation behavior under various thermal programs. It
should be noted that the product (d, [B],,) does not express
the real concentrations of boron at the grain boundaries.
Conversion to appropriate units (e.g., atoms per um’)
requires further assumptions regarding the thickness of the
grain boundaries. At the present stage, such refinements are
not justified.

In Figure 14 the microstructure data contained in Fig-
ure 8 have been replotted vs the hardenability parameter
(d,[Blg). Included in Figure 14 are also some results for
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Fig. 14— Carrelation between the HAZ volume fraction of martensite and
the hardenability parameter (d, [B],) (5s = Afys = 11). Filled symbols:
steel A, open symbols: steel B (d, in um, [B],, in ppm).

Atys equal to 5 and 11 seconds to obtain a broader range in
the austenite grain size. As it appears from the graph, the
data for steels A and B can be represented by one single
curve. This result is to be expected if the HAZ trans-
formation behavior for a fixed cooling program is mainly
controlled by the grain boundary concentration of boron.

D. Effect of Boron on the HAZ Toughness

In Figure 15 the CVN toughness of the synthetic HAZ
microstructures outlined in Figure 14 has been replotted vs
the same hardenability parameter (d, [B],;). As expected,
the best impact properties are achieved for a microstructure
consisting primarily of autotempered low carbon martensite.
However, the inverted U-shaped curve in the graph reveals
a significant drop in the toughness at high (d, [B],;) values,
corresponding to the grain coarsened HAZ of steel B. This
situation probably arises from an extensive precipitation of
borocarbides, partly at austenite grain boundaries and partly
within the matrix as illustrated by the optical micrograph in
Figure 16, which clearly will affect the mechanical integrity
of the region. Similar observations regarding borocarbide
precipitation in the HAZ have also been reported by
Devletian' for steels of higher carbon contents. It should be
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Fig. 15— Correlation between the —20 °C CVN impact energy and the
hardenability parameter (d, [B],s) (5s = Atys < 115). Filled symbols:
steel A (T-L), open symbols: steel B (L-T) (d, in um, [B],, in ppm).
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Fig. 16— Steel B — Precipitation of borocarbides (T, = 1350 °C,
Atys = 5s). The intergranular precipitates are indicated by arrows in the
micrograph.

noted that the extent of particle precipitation at the austenite
grain boundaries in the case of steel B is not sufficient to
initiate intergranular fracture as evidenced by the character-
istic quasicleavage fracture mode of the grain coarsened
region (Figure 17). This leads to the conclusion that the
intragranular borocarbides presumably are more detrimental
as far as the toughness is concerned.

The CVN data contained in Figure 15 suggest that there
exists a critical boron content for a given austenite grain size
{(peak temperature) which provides optimum HAZ proper-
ties from a toughness point of view. With reference to
Figure 18, the grain refined region generally exhibits a high
tolerance to boron alloying because of a low degree of
borocarbide precipitation. In comparison, the grain coars-
ened region is much more susceptible to this type of em-
brittlement due to the resulting higher precipitation potential
of boron. Thus, the requirement of an adequate HAZ fusion
line cleavage resistance finally limits the amount of boron
which can be added to the steel for microstructural control.

Fig. 17— Steel B— SEM fractograph of CVN specimen tested at —20 °C
(T, = 1350 °C, Atys = 5 5).
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Fig. 18 — Schematic illustration of the combined effects of base plate boron
content and austenite grain size (peak temperature) on the HAZ harden-
ability and resulting impact properties.

IV. CONCLUSIONS

The basic conclusions that can be drawn from this in-
vestigation are as follows:

1. Within the composition range examined (i.e., from 11
to 26 ppm B), boron has only a minor effect on the
transformation behavior of the grain coarsened HAZ
(T, = 1350 °C).

2. When comparison is made on the basis of the grain re-
fined HAZ (T, = 1000 °C), the hardenability is signifi-
cantly enhanced by an increase in the base plate boron
content. At a boron level of 26 ppm B, the hardenability
of the grain refined region is approaching that of the grain
coarsened one.

3. The combined effects of base plate boron content and
austenite grain size (peak temperature) on the HAZ
hardenability can be adequately assessed in terms of a
well-established theoretical model for quench-induced
segregation of boron in steels.

4. Indications are that additions of boron to conventional
low carbon microalloyed steels should be restricted to
about 10 to 15 ppm B due to the risk of embrittlement
(arising from precipitation of borocarbides) in the grain
coarsened HAZ at higher boron concentrations.
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