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Combined equilibrium and non-equilibrium grain boundary segregation of solute atoms in
dilute ternary alloys is modelled through consideration of site competition between two
solutes. Model predictions are made for a low-alloy steel containing boron. The predicted
results indicate that the kinetics of phosphorus segregation are dramatically facilitated by
quenched-in vacancies, and the magnitude of the segregation, however, is substantially
suppressed by the competition of boron with phosphorus for segregation sites, and in turn
the phosphorus-induced embrittlement may be alleviated. C© 1999 Kluwer Academic
Publishers

1. Introduction
Temper embrittlement is a common effect for low-alloy
steels. This embrittlement refers to a loss in tough-
ness that takes place when a low-alloy steel is heated
in the range of approximately 350–600◦C or slowly
cooled through this temperature range, leading to a ten-
dency for intergranular brittle fracture and thus a shift in
ductile-brittle transition temperature (DBTT) to higher
temperatures. It is universally acknowledged that tem-
per embrittlement is caused by grain boundary segrega-
tion of certain impurities like phosphorus. It is usually
assumed [1–5] that the impurity segregation stems from
an equilibrium segregation mechanism.

Most of the studies concerning phosphorus-induced
temper embrittlement of low-alloy steels indicate [3, 6]
that the greatest embrittlement effects emerge in the
temperature range 500–550◦C. These studies are al-
ways done by the following heat treatment. The heat
treatment steps of a sample are always quenching and
toughening around 650◦C and then embrittling be-
tween 350 and 600◦C. In such an instance, the segrega-
tion of phosphorus is thermal equilibrium segregation,
and the equilibrium segregation mechanism of temper
embrittlement is in line with observations of the phos-
phorus segregation. In reality, most of the low-alloy
structural steels, owing to the requirement of proper-
ties, cannot experience the toughening treatment above
600◦C. As a consequence, quenched-in vacancies
should play an important part in the kinetics of temper
embrittlement during tempering of commercial low-
alloy steels directly after quenching, i.e., the temper
embrittlement should be brought about by combined
equilibrium and non-equilibrium segregation of phos-
phorus to grain boundaries. This viewpoint has been
confirmed in an experimental study regarding the segre-
gation behaviour of phosphorus in a low-alloy steel [7].

In view of the above considerations, we have es-
tablished a combined equilibrium and non-equilibrium
segregation model to explain phosphorus-induced tem-
per embrittlement [8, 9]. The model is based upon an
equilibrium segregation model and a non-equilibrium
segregation model in dilute binary alloys.

A theoretical study on the effects of phosphorus and
boron impurities on the energy and electronic properties
of both an iron grain boundary and its corresponding
intergranular fracture surface by the local density full
potential augmented plane wave method [10] demon-
strates that in contrast to the non-hybridised interaction
between iron and phosphorus resulting in a grain
boundary cohesion reduction, iron-boron hybridisation
allows covalent bonding normal to the boundary to con-
tribute to grain boundary cohesion. An experimental
study on the effect of boron addition on the mechanical
properties of a normalised 0.15C-0.22Si-1.25Mn
steel [11] indicates that a minor addition of boron can
decrease its impact transition temperature. Another
similar study by Fukushimaet al. [12] shows that a
minor addition of boron in an Mn structural steel may
increase its Charpy impact values under a quenched
and tempered state. The experimental work by Chi
et al. [13] reveals that 10 ppm boron addition in a 3Cr-
Mo-V steel may effectively suppress its temper embrit-
tlement due to boron segregation to grain boundaries.
In addition, an investigation into the effects of boron on
the phosphorus grain boundary segregation and inter-
granular fracture in high-purity Fe-0.2 wt %P-B alloys
demonstrates [14] that an addition of 12.5 wt-ppm
boron in the alloy may completely prevent its intergran-
ular fracture induced by phosphorus segregation and
thus decrease its ductile-brittle transition temperature
(DBTT) by approximately 170 K when oil-quenched
from 1073 K. Consequently, minor additions of boron

0022–2461 C© 1999 Kluwer Academic Publishers 5549



in low-alloy steels are beneficial to reducing their
embrittlement.

There are two mechanisms for boron to enhance the
grain boundary cohesion in iron [14], one of which is
that the increased grain boundary cohesion is caused
by boron itself as an inherent effect when it segre-
gates at the boundary, the other is that boron suppresses
phosphorus segregation by a site competition effect to
alleviate the detrimental effect of phosphorus on the
grain boundary cohesion. Some studies [14–16] have
found the site competition effect between phosphorus
and boron in Fe-B-P alloys.

In connection with the beneficial effect of boron ad-
dition on embrittlement of low-alloy steels, combined
equilibrium and non-equilibrium grain boundary seg-
regation of solute atoms in dilute ternary alloys has
been detailed in this work on the basis of our previous
work [8, 9, 17–20] through consideration of site compe-
tition in segregation between two solutes. To explain the
beneficial effect of boron described above, model pre-
dictions have been made for boron-bearing low-alloy
steels.

2. Model
2.1. Equilibrium segregation
Two solutes 1 and 2, in a ternary alloy, are consid-
ered here to compete with each other for sites at grain
boundaries. The maximum equilibrium grain boundary
concentrations of the two solutes in a dilute ternary al-
loy at a given temperatureT , CS1

∞ (T) andCS2
∞ (T), in

the approximation that all possible sites at grain bound-
aries are available for segregation of solute atoms, are
given respectively by [3]

CS1
∞ (T)

= CS1
g exp(QS1/kT)

1+CS1
g exp(QS1/kT)+CS2

g exp(QS2/kT)
(1)

CS2
∞ (T)

= CS2
g exp(QS2/kT)

1+CS1
g exp(QS1/kT)+CS2

g exp(QS2/kT)
(2)

whereCS1
g and CS2

g are the matrix concentrations of
solutes 1 and 2, respectively;QS1 andQS2 are the seg-
regation energies of solutes 1 and 2, respectively; and
k is Boltzmann’s constant.

When a sample is so quickly cooled from a high
temperatureTi (quenching or solution-treatment tem-
perature) to a lower temperatureTj that no mass trans-
fer takes place in the sample during cooling, and then
maintained at temperatureTj , the kinetics of equilib-
rium grain boundary segregation, derived by diffusional
analysis, are given by [21]

CSl
be(t)− CSl

∞(Ti )

CSl∞(Tj )− CSl∞(Ti )

= 1− exp

(
4DSl

s t

α2
e(Sl)d

2

)
erfc

(
2
√

DSl
s t

αe(Sl)d

)
l = 1, 2 (3)

whereCSl
be(t) is the grain boundary concentration of so-

lute l after timet , DSl
s is the diffusion coefficient of

solute l in the matrix,d is the thickness of the con-
centrated layer, andαe(Sl) is the maximum equilibrium
enrichment ratio of solutel , given by

αe(Sl) = CSl
∞(Tj )/C

Sl
g (4)

2.2. Non-equilibrium segregation
As detailed in Refs. [17–19], the non-equilibrium seg-
regation mechanism relies on the formation of suffi-
cient quantities of vacancy-solute complexes. Solute
atoms, vacancies and their complexes are in equlibrium
with each other at a given temperature. When a mate-
rial which is properly held at a solution-treatment (or
quenching) temperature is quickly cooled to a lower
temperature, it will exhibit a loss of vacancies along
grain boundaries, i.e., at vacancy sinks, whereby it
achieves the equilibrium vacancy concentration cor-
responding to the lower temperature. The decrease in
vacancy concentration brings about the dissociation of
the complexes into vacancies and solute atoms. This in
turn leads to a decrease in complex concentration in the
neighbourhood of grain boundaries. Meanwhile, in re-
gions remote from the grain boundary, where no other
vacancy sinks are present, the vacancy concentration,
which is nearly equal to the equilibrium vacancy con-
centration corresponding to the solution-treatment (or
quenching) temperature, always remains. As a result,
a complex concentration gradient appears between the
grain boundary and the adjacent grains. The concentra-
tion gradient of the complexes causes their migration
leading to an excess solute concentration in the vicin-
ity of grain boundaries. It is obvious that the larger the
supersaturation level of vacancies induced by solution-
treatment (or quenching), the larger the segregation
level of solute atoms resulting at the boundary.

Competition between two solutes for sites at the grain
boundary will be dealt with by the following method.
As described in Ref. [22], by the complex mechanism
described above they first segregate to the grain bound-
ary independently to get segregation levelsCS1

bn and
CS2

bn, and then distribute there in conformity to their
binding energies with the grain boundary (equilibrium
segregation energies). The competition effect could be
evaluated by

CS1∗
bn = CS1

bn

 CS1
g exp

(
QS1

kT

)
CS1

g exp
(

QS1

kT

)
+ CS2

g exp
(

QS2

kT

)
 (5)

CS2∗
bn = CS2

bn

 CS2
g exp

(
QS2

kT

)
CS1

g exp
(

QS1

kT

)
+ CS2

g exp
(

QS2

kT

)
 (6)

whereCS1∗
bn andCS2∗

bn are the final levels of non-equi-
librium grain boundary segregation for solutes 1 and 2,
respectively; andQS1 andQS2 are the binding energies
of the grain boundary with solutes 1 and 2, respectively.

The above approach to describing site competition
between two solutes is reasonable. Since non-equilib-
rium segregation is a kinetic process, the complexes
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leading to this segregation may diffuse independently to
the grain boundary. Similar to equilibrium segregation,
the two solutes, however, need to re-distribute at the
grain boundary in the light of their binding energies
with the boundary.

Some experimental studies [20, 23] have shown that
non-equilibrium grain boundary segregation can be
classified into segregation and desegregation. When
a sample is quickly cooled from a higher solution-
treatment (or quenching) temperature to a lower tem-
perature and then maintained at this lower temperature,
there is a critical holding time at which the non-
equilibrium segregation level will be maximum. If the
holding time of the sample is shorter than the criti-
cal time, the diffusion of solute-vacancy complexes to
the grain boundary will be dominant and the process
is termed a segregation process; if the holding time is
longer than the critical time, the process in which the
diffusion of solute atoms from the boundary to the ad-
jacent grains is dominant will also take place, termed a
desegregation process.

A non-equilibrium grain boundary segregation
model established in our previous work [19] is utilised
to depict the process. The model states that when a sam-
ple is quickly cooled to a lower temperatureT , from
a higher solution-treatment (or quenching) oneT0 and
then maintained at the lower temperature, the maxi-
mum concentration of non-equilibrium grain boundary
segregation induced during holding at this lower tem-
perature,Cm

b (T), is given by

Cm
b (T) = Cg

(
Eb

Ev
f

)
exp

(
Eb − Ev

f

kT0
− Eb − Ev

f

kT

)
(7)

whereCg is the matrix concentration of the solute,Ev
f

is the vacancy formation energy,k is Boltzmann’s con-
stant, andEb is the vacancy-solute binding energy.

As stated in Ref. [17], the complex concentration is
related to the matrix concentration of the solute and
the exponential term containing the solute-point defect
binding energy. As a consequence, in order to evaluate
the effect of the competition for the complex formation
between two solutes on the maximum concentration
of non-equilibrium segregation in dilute ternary alloys,
Equation 7 may be modified into

Cm
b(Sl)(T) = CSl

g
Eb(Sl)

EI
f


CSl

g exp

(
Eb(Sl)

kT0

)
∑

l

CSl
g exp

(
Eb(Sl)

kT0

)


× exp

(
Eb(Sl) − Ev

f

kT0
− Eb(Sl) − Ev

f

kT

)
l = 1, 2 (8)

where Cm
b(Sl) is the maximum concentration of non-

equilibrium segregation for solutel , Eb(SI) is the so-
lute l -vacancy binding energy, andCSl

g is the matrix
concentration of solutel .

When a sample is so quickly cooled from a higher
temperatureTi to a lower temperatureTj that no mass

transfer occurs in the sample during cooling and held at
temperatureTj , the non-equilibrium segregation kinet-
ics, derived by means of Equation 8, are given by [19]

CSl
bn(t)− Cm

b(Sl)(Ti )

Cm
b(Sl)(Tj )− Cm

b(Sl)(Ti )

= 1− exp

(
4DSl

c t

α2
n(Sl)d

2

)
erfc

(
2
√

DSl
c t

αn(Sl)d

)
l = 1, 2 (9)

whereCSl
bn(t) is the concentration of solutel at the con-

centrated layer as a function of holding time at tem-
peratureTj , DSl

c is the diffusion coefficient of solutel -
vacancy complexes in the matrix,Cm

b(Sl)(Tj ) is the max-
imum segregation level of solutel at temperatureTj ,
Cm

b(Sl)(Ti ) is the maximum segregation level of solutel
at temperatureTi , i.e., the grain boundary concentration
of segregant at the holding timet = 0 at temperature
Tj , d is the thickness of the concentrated layer, and
αn(Sl) = Cm

b(Sl)(Tj )/CSl
g .

Equation 9 is an isothermal kinetic relationship of
non-equilibrium segregation for the segregation pro-
cess. It describes the non-equilibrium segregation con-
centration of solute atoms at grain boundaries as a
function of holding time at temperatureTj when the
diffusion process of the complexes to the grain bound-
ary is dominant. Using Equations 5, 6, 8 and 9, one may
predict the non-equilibrium segregation level of solute
l in the sample quenched from a higher temperature and
then tempered at the tempering temperature.

It should be noted here that although Equation 9 is the
same as Equation 3 in form, they are much different in
nature. Equation 3 depicts the equilibrium grain bound-
ary segregation induced by the solute equilibration at
the boundary whereas Equation 9 describes the non-
equilibrium grain boundary segregation induced by the
complex diffusion to the boundary.

As mentioned above, a critical time,tc, exists at a
certain temperature. At a certain temperature when the
critical time is longer than the effective time of so-
lute diffusion corresponding to the cooling process,
te, the process in which segregation is dominant takes
place alone; nevertheless, whentc is shorter thante, the
process in which desegregation is dominant also occurs.

The critical time,tc, is given by [17, 20]

tc = B2 ln(Dc/Ds)

4δ(Dc − Ds)
(10)

whereδ is a numerical constant,B is the grain size,Dc

andDs are the diffusion coefficients of solute-vacancy
complexes and solute atoms, respectively.

As discussed elsewhere [20], any continuous cooling
curve for a sample may be replaced by a corresponding
stepped one, each step of which is set up by a horizontal
segment with a vertical one so as to calculate an effec-
tive time at a given temperature for this cooling process
so long as the step is small enough. The effective time
formula of a stepped cooling curve consisting ofn steps
at temperatureT is given by [20]

te =
n∑

i=1

ti exp

(
−Ec

m(T − Ti )

kT Ti

)
(11)
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whereEc
m is the migration energy for diffusion of the

complexes in the matrix;ti andTi are the isothermal
holding time and temperature at thei th step of the
stepped curve, respectively.

When the effective time is longer than the critical
time at temperatureTj , the process in which desegre-
gation is dominant will take place. In such an instance,
the grain boundary segregation level of solute atoms,
CSl

bn(t), is given by [19]

CSl
bn(t) = CSl

g +
1

2

[
CSl

bn(tc)− CSl
g

]
[

erf

(
d/2[

4DSl
s (t − tc)

]1/2
)

− erf

(
−d/2[

4DSl
s (t − tc)

]1/2
)]

l = 1, 2 (12)

where t is the isothermal holding time at tempera-
ture Tj , and tc = tc(Tj ). Evidently, Equation 12 is
merely concerned with desegregation. Hence the con-
dition t > tc is necessary in the use of Equation 12.

It may be seen from Equation 10 that ifDc < Ds,
there will be no non-equilibrium segregation effects.
It should, however, be noted here that Equation 10 is
applicable only when the maximum equilibrium segre-
gation level is zero or at least very low. This means that
only at high temperatures where the maximum equilib-
rium segregation level is quite low is Equation 10 appli-
cable. In practice, tempering temperatures for low-alloy
steels are usually lower than 600◦C. In this scenario,
there could be quite a high maximum equilibrium seg-
regation level for alloying or impurity elements such
as boron and phosphorus. During tempering, there will
be no net back-diffusion fluxes of solute atoms from
the grain boundary to the adjacent grains until the max-
imum equilibrium segregation level is reached. As a
consequence, even ifDc < Ds there still will be non-
equilibrium segregation effects before the maximum
equilibrium segregation level is attained within a pe-
riod required for a complex to diffuse from the grain
centre to the boundary. For the same reason, before the

TABLE I Data used in the theoretical calculations

In the ferrite region In the austenite region

Phosphorus Boron Phosphorus Boron

Es (eV) 2.68 [24] 2.69 [25] 3.03 [25] 0.91 [25]
Evf (eV) 1.6 [26] 1.6 [26] 1.6 [26] 1.6 [26]
Em
v (eV) 1.3 [27] 1.3 [27] 1.3 [27] 1.3 [27]

Eb (eV) 0.36 [28] 0.47 [28] 0.41 [28] 0.5 [28]
Ec

m (eV) 1.66 [7] 1.77 [7] 1.71 [7] 1.3
Dos (m2/s) 7.12× 10−3 [24] 100 [25] 2.83× 10−3 [25] 2× 10−7 [25]
Doc (m2/s) 1.7× 10−5 [29, 30] 1.7× 10−5 [29, 30] 1.7× 10−5 [29, 30] 2× 10−7

Cg (at %) 0.072 Variable 0.072 Variable
Q (eV) 0.54 [31] 1.04 [14, 32]
B (µm) 20 20 20 20
d (nm) 1 1 1 1

maximum equilibrium segregation level is achieved the
process in which desegregation is dominant cannot oc-
cur even if the effective time is longer than the criti-
cal time in the case whereDc > Ds. In this work, the
grain boundary segregation level of solute atoms before
reaching the maximum equilibrium segregation level
will be calculated only, which is obviously consistent
with the real situation.

Non-equilibrium segregation and thermal equilib-
rium segregation are two different processes in na-
ture. Non-equilibrium segregation is a kinetic process
whereas equilibrium segregation is a thermodynamic
process. As a consequence, it may be envisaged that
these two processes are independent of each other. In
the calculations, the segregation level is taken to be the
sum of the non-equilibrium and equilibrium segrega-
tion levels minus the matrix concentration.

2.3. Calculation of segregation level in the
tempered sample

Equilibrium segregation occurs mainly during temper-
ing and non-equilibrium segregation occurs mainly dur-
ing both quenching and tempering. Calculation of seg-
regation levels in the tempered sample has to be divided
into two steps. The first step is calculation of the seg-
regation level during quenching and the second step is
during tempering. Details on the calculation may be
seen elsewhere [8].

3. Results and discussion
In order to explore the effect of boron addition on tem-
per embrittlement of low-alloy steels, the approach de-
scribed in Section 2 is now applied to predictions of so-
lute segregation in a low-alloy steel containing boron.
Data used in the calculations are listed in Table I.

The diffusion coefficients are given by the following
relations

Dc = Doc exp

(
−Ec

m

kT

)
(13a)

Ds = Dos exp

(
− Es

kT

)
(13b)
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where Dc and Ds is the diffusion coefficients of
vacancy-solute complexes and solute atoms in the ma-
trix, respectively;Doc andDos are the pre-exponential
constants for diffusion of the complexes and solute
atoms, respectively;Ec

m is the migration energy for dif-
fusion of the complexes;Es is the activation energy for
diffusion of solute atoms;T is the absolute temperature;
andk is Boltzmann’s constant.

It should be noted that boron is here thought of as
a substitutional solute inα-Fe and as an interstitial so-
lute in γ -Fe on the basis of diffusion data [33] and of
relative solubilities, atom diameter, and interstitial hole
sizes [34].

With provision for the fact that non-equilibrium seg-
regation relies on the formation of sufficient quanti-
ties of solute-vacancy complexes and the movement of
these complexes to defect sinks like grain boundaries, it
is necessary to discuss mechanisms for migration of the
complexes. The mechanisms for migration of substitu-
tional solute-vacancy complexes have been discussed
in detail elsewhere [7]. Here, the mechanisms for mi-
gration of interstitial solute-vacancy complexes will be
described for fcc and bcc crystals.

The formation of a vacancy-interstitial solute com-
plex can be imagined as the combination of an isolated
vacancy and an isolated interstitial solute atom. As il-
lustrated in Figs 1 and 2, The vacancy, marked as¤, is
situated at a nearest lattice site with respect to the solute
atom, marked asy, which is located at an octahedral
interstitial position for either an fcc or bcc crystal.

Owing to the fact that migration of interstitial solute
atoms is independent of that of vacancies, mechanisms
for migration of the vacancy-interstitial solute complex
and typical jump sequences are suggested as follows for
the fcc and bcc crystals, respectively.

For an fcc crystal, there are two types of jump se-
quence to lead to long-range migration of the complex.

Figure 1 Schematic diagram showing (a) and (c) the migration processes
of vacancy-interstitial solute complexes in fcc crystals with two different
mechanisms; (b) and (d) the new positions of the complex after the jumps
illustrated in (a) and (c), respectively (j: matrix atom; z: solute atom;
¤: vacancy).

Figure 2 Schematic diagram showing (a) the migration process of
vacancy-interstitial solute complexes in bcc crystals and (b) the new
position of the complex after the jumps illustrated in (a) (j: matrix
atom; z: solute atom;¤: vacancy).

Firstly, the solute atom involved in the complex, as il-
lustrated in Fig. 1a, jumps from site A to site B and
then the vacancy involved in the same complex jumps
from site C to site D. After the jumps described above,
the new position of the complex is shown in Fig. 1b.
Secondly, the solute atom involved in the complex, as
illustrated in Fig. 1c, jumps from site A to site B and
then the vacancy involved in the same complex jumps
from site C to site E. After the jumps described above,
the new position of the complex is shown in Fig. 1d.
Obviously, the migration of the complex does not need
partial dissociation. As a result, the migration energy
of the complex is approximately equal to the vacancy
or solute-atom migration energy. The selection of the
vacancy or solute atom migration energy is dependent
on which has a higher value.

For a bcc crystal, first the solute atom involved in the
complex, as illustrated in Fig. 2a, jumps from site A to
site B and then the vacancy involved in the same com-
plex jumps from site C to site D; or first the vacancy
jumps from site C to site D and then the solute atom
jumps from site A to site B. Evidently, although these
two jump mechanisms both require the complex to dis-
sociate partially and re-form and have the same effect,
they need different energies. For the first mechanism,
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the migration energy of the complex is approximately
equal to the solute-atom migration energy plus the
vacancy-solute binding energy or equal to the vacancy
migration energy. The selection of the former or the
latter is dependent on which is higher. For the sec-
ond mechanism, the migration energy of the complex
is approximately equal to the vacancy migration en-
ergy plus the vacancy-solute binding energy or equal
to the solute-atom migration energy. The selection of
the former or the latter is also dependent on which is
higher. Since the migration energy of the vacancy is
usually greater than that of the interstitial solute atom,
the first migration mechanism of vacancy-interstitial
solute complexes is more plausible than the second one.

It is assumed in the calculations that the heat-
treatment procedures of a sample are:

(i) austenitizing at 1050◦C, 1250◦C, and 1300◦C,
respectively, and oil-quenching;

(ii) tempering at 500◦C.

The analysis for segregation during quenching re-
quires the quenching rate. The temperature as a func-
tion of cooling time,T , may be given approximately
by [35]

T = (To − Tq) exp(−φt)+ Tq (14)

whereTo is the quenching temperature,Tq is the tem-
perature of quenching medium, andφ is the cooling rate
parameter, which is about 0.5 s−1 for oil-quenching for
small samples [35].

Fig. 3 shows maximum equilibrium grain boundary
segregation degrees of phosphorus versus tempering
temperature with consideration of site competition be-
tween phosphorus and boron in a low-alloy steel doped
with boron. Because of the competition of boron with
phosphorus for segregation sites, the segregation of
phosphorus is much suppressed, notably in the low and
intermediate temperature ranges. In comparison with
phosphorus segregation, there is not much change in
boron segregation between with and without consider-

Figure 3 Maximum equilibrium enrichment ratios of phosphorus versus
tempering temperature with consideration of site competition between
phosphorus and boron in a low-alloy steel containing different quantities
of boron.

Figure 4 Maximum equilibrium enrichment ratios of boron versus tem-
pering temperature without (Cbm1/Cgb) and with (Cbm2/Cgb) consid-
eration of site competition between phosphorus and boron in a low-alloy
steel doped with 10 at-ppm boron.

Figure 5 Predicted combined segregation of phosphorus versus temper-
ing time with consideration of site competition between phosphorus and
boron in a low-alloy steel doped with 10 at-ppm B oil-quenched from
1050◦C (C1), 1250◦C (C2), and 1300◦C (C3), respectively, and tem-
pered at 500◦C (maximum equilibrium enrichment ratio is about 52).

ation of boron-phosphorus site competition (see Fig. 4).
This means that the ability of site competition of phos-
phorus is much weaker than that of boron. As a con-
sequence, boron should be a strong restrainer to grain
boundary segregation of phosphorus.

Combined equilibrium and non-equilibrium segrega-
tion degrees of phosphorus in a low-alloy steel contain-
ing 10 at-ppm B quenched from different temperatures
and tempered at 500◦C are illustrated in Fig. 5 as a func-
tion of tempering time with consideration of site com-
petition between phosphorus and boron. Clearly, since
the maximum equilibrium enrichment ratio is about 52
at 500◦C, the maximum segregation level of phospho-
rus may be achieved within approximately 79 and 48 h,
respectively, for the 1250◦C- and 1300◦C-quenched
samples. In addition, the segregation during quench-
ing increases with increasing quenching temperature.
This is because the concentration of quenched-in vacan-
cies increases with increasing quenching temperature
so that the non-equilibrium segregation of phosphorus
increases during quenching and tempering.
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Figure 6 The predicted correlation between the grain boundary concen-
trations of phosphorus and boron in a low-alloy steel containing 0.072
at %P and 5, 10, 15, 20, 25, and 30 at-ppm B oil-quenched from 1050◦C
and tempered at 500◦C for 10 h.

As described in Ref. [21], the times necessary to
reach 1/2 and 9/10 of the maximum equilibrium segre-
gation level,t1/2 andt9/10, are respectively

t1/2 = 9α2
ed2

64Ds
(15a)

t9/10 = 52t1/2 (15b)

whereαe is the maximum equilibrium enrichment ratio,
Ds is the diffusion coefficient of segregant in the matrix,
andd is the thickness of the concentrated layer.

Using Equation 15, one may obtain that the time re-
quired to reach 9/10 of the maximum equilibrium seg-
regation level of phosphorus is about 219 h at 500◦C.
As a result, the kinetics of phosphorus segregation are
substantially facilitated by quenched-in vacancies. This
means that the kinetics of temper embrittlement are dra-
matically promoted by the quenched-in vacancies and
the magnitude of phosphorus segregation is consider-
ably suppressed by the boron-phosphorus competition.

Fig. 6 represents the correlation between the grain
boundary concentrations of phosphorus and boron in a
low-alloy steel containing 0.072 at % P and 5, 10, 15,
20, 25, and 30 at-ppm B oil-quenched from 1050◦C
and tempered at 500◦C for 10 h. Obviously, the segre-
gation of phosphorus decreases with increasing boron
segregation. This may be easily explained by the site-
competition effect described in Section 2. Clearly, the
predictions are generally consistent with the experi-
mental observations described in the introduction sec-
tion.

4. Summary
It has been confirmed that boron additions in low-alloy
steels are beneficial to suppressing their temper em-
brittlement. In order to explain the beneficial effect of
boron, combined equilibrium and non-equilibrium seg-
regation of solute atoms in dilute ternary alloys has
been modelled through consideration of site competi-
tion in grain boundary segregation between two solutes.
Model predictions have been made for a boron-bearing

low-alloy steel. The predictions demonstrate that the
kinetics of phosphorus segregation are noticeably pro-
moted by quenched-in vacancies, and the magnitude of
the segregation, nevertheless, is considerably restrained
by the competition of boron with phosphorus for seg-
regation sites and for the formation of solute-vacancy
complexes, and thus the detrimental effect of phospho-
rus on the grain boundary cohesion is suppressed. This
is in agreement with the experimental results in regard
to the effect of boron addition on embrittlement of low-
alloy steels.
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