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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. © 7999 Kluwer Academic
Publishers

1. Introduction In view of the above considerations, we have es-
Temper embrittlement is a common effect for low-alloy tablished a combined equilibrium and non-equilibrium
steels. This embrittlement refers to a loss in tough-segregation model to explain phosphorus-induced tem-
ness that takes place when a low-alloy steel is heateger embrittlement [8, 9]. The model is based upon an
in the range of approximately 350-600 or slowly  equilibrium segregation model and a non-equilibrium
cooled through this temperature range, leading to a tersegregation model in dilute binary alloys.
dency forintergranular brittle fracture and thus a shiftin A theoretical study on the effects of phosphorus and
ductile-brittle transition temperature (DBTT) to higher boronimpurities on the energy and electronic properties
temperatures. It is universally acknowledged that temof both an iron grain boundary and its corresponding
per embrittlement is caused by grain boundary segregantergranular fracture surface by the local density full
tion of certain impurities like phosphorus. It is usually potential augmented plane wave method [10] demon-
assumed [1-5] that the impurity segregation stems fronstrates that in contrast to the non-hybridised interaction
an equilibrium segregation mechanism. between iron and phosphorus resulting in a grain
Most of the studies concerning phosphorus-inducedoundary cohesion reduction, iron-boron hybridisation
temper embrittlement of low-alloy steels indicate [3, 6] allows covalent bonding normal to the boundary to con-
that the greatest embrittlement effects emerge in théribute to grain boundary cohesion. An experimental
temperature range 500-53D. These studies are al- study on the effect of boron addition on the mechanical
ways done by the following heat treatment. The heaproperties of a normalised 0.15C-0.22Si-1.25Mn
treatment steps of a sample are always quenching arsfeel [11] indicates that a minor addition of boron can
toughening around 65 and then embritting be- decrease its impact transition temperature. Another
tween 350 and 60CC. In such aninstance, the segrega-similar study by Fukushimat al. [12] shows that a
tion of phosphorus is thermal equilibrium segregationminor addition of boron in an Mn structural steel may
and the equilibrium segregation mechanism of tempeincrease its Charpy impact values under a quenched
embrittlement is in line with observations of the phos-and tempered state. The experimental work by Chi
phorus segregation. In reality, most of the low-alloy et al.[13] reveals that 10 ppm boron addition in a 3Cr-
structural steels, owing to the requirement of properMo-V steel may effectively suppress its temper embrit-
ties, cannot experience the toughening treatment abowement due to boron segregation to grain boundaries.
600°C. As a consequence, quenched-in vacanciek addition, an investigation into the effects of boron on
should play an important part in the kinetics of temperthe phosphorus grain boundary segregation and inter-
embrittlement during tempering of commercial low- granular fracture in high-purity Fe-0.2 wt %P-B alloys
alloy steels directly after quenching, i.e., the temperdemonstrates [14] that an addition of 12.5 wt-ppm
embrittlement should be brought about by combinedboron in the alloy may completely prevent its intergran-
equilibrium and non-equilibrium segregation of phos-ular fracture induced by phosphorus segregation and
phorus to grain boundaries. This viewpoint has beerthus decrease its ductile-brittle transition temperature
confirmed in an experimental study regarding the segreBTT) by approximately 170 K when oil-quenched
gation behaviour of phosphorus in a low-alloy steel [7].from 1073 K. Consequently, minor additions of boron
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in low-alloy steels are beneficial to reducing theifwherecgg(t) is the grain boundary concentration of so-
embrittlement. lute | after timet, DS is the diffusion coefficient of
There are two mechanisms for boron to enhance thgolutel in the matrix,d is the thickness of the con-
grain boundary cohesion in iron [14], one of which is centrated layer, angls) is the maximum equilibrium
that the increased grain boundary cohesion is causeshrichment ratio of solute given by
by boron itself as an inherent effect when it segre-
gates at the boundary, the other is that boron suppresses Qe(sl) = COSOI(TJ )/CS! (4)
phosphorus segregation by a site competition effect to 9
alleviate the detrimental effect of phosphorus on the
grain boundary cohesion. Some studies [14-16] hav@.2. Non-equilibrium segregation
found the site competition effect between phosphoru#\s detailed in Refs. [17-19], the non-equilibrium seg-
and boron in Fe-B-P alloys. regation mechanism relies on the formation of suffi-
In connection with the beneficial effect of boron ad- cient quantities of vacancy-solute complexes. Solute
dition on embrittlement of low-alloy steels, combined atoms, vacancies and their complexes are in equlibrium
equilibrium and non-equilibrium grain boundary seg-with each other at a given temperature. When a mate-
regation of solute atoms in dilute ternary alloys hasrial which is properly held at a solution-treatment (or
been detailed in this work on the basis of our previougjuenching) temperature is quickly cooled to a lower
work[8, 9, 17-20] through consideration of site compe-temperature, it will exhibit a loss of vacancies along
titionin segregation between two solutes. To explain thegrain boundaries, i.e., at vacancy sinks, whereby it
beneficial effect of boron described above, model preachieves the equilibrium vacancy concentration cor-
dictions have been made for boron-bearing low-alloyresponding to the lower temperature. The decrease in
steels. 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
2. Model ) neighbourhood of grain boundaries. Meanwhile, in re-
2.1. Equilibrium segregation _gions remote from the grain boundary, where no other
Two solutes 1 and 2, in a ternary alloy, are consid-acancy sinks are present, the vacancy concentration,
ered here to compete with each other for sites at graifyhich is nearly equal to the equilibrium vacancy con-
boundaries. The maximum equilibrium grain boundarycentration corresponding to the solution-treatment (or
concentrations of the two solutes in a dilute ternary a"quenching) temperature, always remains. As a result,
loy at a given temperaturg, C3(T) andC3(T), in 4 complex concentration gradient appears between the
the approximation that all possible sites at grain boundyain boundary and the adjacent grains. The concentra-
aries are avai'lable for segregation of solute atoms, arggp, gradient of the complexes causes their migration
given respectively by [3] leading to an excess solute concentration in the vicin-
5 ity of grain boundaries. It is obvious that the larger the
Co(T) supersaturation level of vacancies induced by solution-
C981 expQsi/KT) W Itreatlm](cantl(or quenching)l, the Ia;]getr) thedsegregation
= evel of solute atoms resulting at the boundary.
14 Cg" expQs/kT) + Cg2 expQs2/ kT) Competition between two solutes for sites at%he grain
C2(T) boundary will be dealt with by the following method.
As described in Ref. [22], by the complex mechanism
_ Cg2exp@Qs2/kT) @) described above they first segregate to the grain bound-
= 1+C§1 eXp(Q51/kT)+Cgsz expQs/kT) ar%/2 independent_ly to get segre_gation Iev@% and _
C,:, and then distribute there in conformity to their
whereCS! and C are the matrix concentrations of binding energies with the grain boundary (equilibrium
solutes 1 and 2, respectivel@s; andQg are the seg-  Segregation energies). The competition effect could be
regation energies of solutes 1 and 2, respectively; angvaluated by
k is Boltzmann’s constant.

When a sample is so quickly cooled from a high . o CgSleX %)
temperaturel; (quenching or solution-treatment tem- bn = Chn o Oa < 0w ®)
perature) to a lower temperatufgthat no mass trans- _Cg ex W) + Cgoex W) A
fer takes place in the sample during cooling, and then o 0 -
maintained at temperatuf@, the kinetics of equilib- - - Cgex k—$>
rium grain boundary segregation, derived by diffusional Con = Cpn o Q < 9 (6)
analysis, are given by [21] | Cgex k_$1> + Cgoex k_1s-2) ]

cSlt) — cSI(T) whereCSl" andC32 are the final levels of non-equi-

CSI(T)) — CS(T) librium grain boundary segregation for solutes 1 and 2,
oot oot respectively; an@s; andQs; are the binding energies
L ( 4D Sh ) . <2 /D§'t> of the grain boundary with solutes 1 and 2, respectively.
= — eX C

. The above approach to describing site competition
between two solutes is reasonable. Since non-equilib-
I =1,2 (3) rium segregation is a kinetic process, the complexes

sy d? e(Slyd
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leading to this segregation may diffuse independently taransfer occurs in the sample during cooling and held at
the grain boundary. Similar to equilibrium segregation,temperaturd;, the non-equilibrium segregation kinet-
the two solutes, however, need to re-distribute at thécs, derived by means of Equation 8, are given by [19]
grain boundary in the light of their binding energies csl m
with the boundary. Cpn(t) — Cb(SI)(Ti)

Some experimental studies [20, 23] have shown tha’(:,o(SI (Tj) — Ciisy(Ti)
non-equilibrium grain boundary segregation can be
classified into segregation and desegregation. When 1— ex <4 S't>e (2\/DS'
a sample is quickly cooled from a higher solution- P
treatment (or quenching) temperature to a lower tem-
perature and then maintained at this lower temperatureyhereC3\(t) is the concentration of solutet the con-
there is a critical holding time at which the non- centrated layer as a function of holding time at tem-
equilibrium segregation level will be maximum. If the peratureT;, DS is the diffusion coefficient of solute
holding time of the sample is shorter than the criti- vacancy complexes inthe matrbzb s)(Tj) is the max-
cal time, the diffusion of solute-vacancy complexes toimum segregation level of soluteat temperaturé'J,
the grain boundary will be dominant and the processC} o(sp(Ti) is the maximum segregation level of solute
is termed a segregation process; if the holding time |$1ttemperaturé*, ,i.e., the grain boundary concentration
longer than the critical time, the process in which theof segregant at the holding tinte= 0 at temperature
diffusion of solute atoms from the boundary to the ad-T;, d is the thlckness of the concentrated layer, and
jacent grains is dominant will also take place, termed axys) = Cb S| (T,)/C
desegregation process. Equatlon is an |sothermal kinetic relationship of

A non-equilibrium grain boundary segregation non-equilibrium segregation for the segregation pro-
model established in our previous work [19] is utilised cess. It describes the non-equilibrium segregation con-
to depict the process. The model states that when a saroentration of solute atoms at grain boundaries as a
ple is quickly cooled to a lower temperatufe from  function of holding time at temperatufg when the
a higher solution-treatment (or quenching) digeand  diffusion process of the complexes to the grain bound-
then maintained at the lower temperature, the maxiary is dominant. Using Equations 5, 6, 8 and 9, one may
mum concentration of non-equilibrium grain boundary predict the non-equilibrium segregation level of solute
segregation induced during holding at this lower tem in the sample quenched from a higher temperature and
peratureC{'(T), is given by then tempered at the tempering temperature.

It should be noted here that although Equation 9 is the

Ty — (E>ex (Eb —Ef Ebk—TE‘f’> @) same as Equation 3 in form, they are much different in

> 1=1,2 (9)

n(sl) an(sl)

kTo nature. Equation 3 depicts the equilibrium grain bound-
ary segregation induced by the solute equilibration at
whereCy is the matrix concentration of the solute}  the boundary whereas Equation 9 describes the non-
is the vacancy formation enerdyis Boltzmann’s con-  equilibrium grain boundary segregation induced by the
stant, ancE, is the vacancy-solute binding energy.  complex diffusion to the boundary.

As stated in Ref. [17], the complex concentration is AS mentioned above, a critical timg, exists at a
related to the matrix concentration of the solute andcertain temperature. At a certain temperature when the
the exponential term containing the solute-point defecgritical time is longer than the effective time of so-
binding energy. As a consequence, in order to evaluatite diffusion corresponding to the cooling process,
the effect of the competition for the complex formation te, the process in which segregation is dominant takes
between two solutes on the maximum concentratiorPlace alone; nevertheless, whers shorter thate, the
of non-equilibrium segregation in dilute ternary alloys, Process inwhich desegregation is dominant also occurs.

Equation 7 may be modified into The critical timec, is given by [17, 20]
2
CSlaxp| E2S) te = B7In(Dc/Ds) (10)
E g EXP 45(D¢ — Ds)
cm (T) = ¢S50 KTo
b(S) E} CS' Ensy wheres is a numerical constanB is the grain sizeD.
Z exp kTo andDs are the diffusion coefficients of solute-vacancy

complexes and solute atoms, respectively.
Ens) — EY  Ensy — EY As discussed elsewhere [20], any continuous cooling
X p( — ) curve for a sample may be replaced by a corresponding
kTo kT stepped one, each step of which is set up by a horizontal
=12 (g Segment with a vertical one so as to calculate an effec-
’ tive time at a given temperature for this cooling process
where Cl, is the maximum concentration of non- so long as the step is small enough. The effective time
equilibrium segregation for solufe Eysy) is the so- formula of a stepped cooling curve consistingisteps
lute I-vacancy binding energy, ar@$' is the matrix ~ at temperaturd is given by [20]
concentration of solute (T —T)
When a sample is so quickly cooled from a higher te = Zt. exp( ' ) (12)
temperaturd; to a lower temperaturg; that no mass KTT;
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whereEF, is the migration energy for diffusion of the maximum equilibrium segregation level is achieved the
complexes in the matrix; andT; are the isothermal process in which desegregation is dominant cannot oc-
holding time and temperature at thth step of the cur even if the effective time is longer than the criti-
stepped curve, respectively. cal time in the case wher®; > Ds. In this work, the
When the effective time is longer than the critical grain boundary segregation level of solute atoms before
time at temperatur@;, the process in which desegre- reaching the maximum equilibrium segregation level
gation is dominant will take place. In such an instancewill be calculated only, which is obviously consistent
the grain boundary segregation level of solute atomswith the real situation.
CS\(t), is given by [19] Non-equilibrium segregation and thermal equilib-
rium segregation are two different processes in na-

S| S| S| S| ture. Non-equilibrium segregation is a kinetic process
Con(t) = Cg" + Q[Cbn(IC) -G ] whereas equilibrium segregation is a thermodynamic
process. As a consequence, it may be envisaged that
these two processes are independent of each other. In
£ d/2 the calculations, the segregation level is taken to be the
[4DS\(t — tc)]l/z sum of the non-equilibrium and equilibrium segrega-

tion levels minus the matrix concentration.

—d/2
_erf([4D3|(t _t )]1/2>:| =12 (12) 2.3. Calculation of segregation level in the
s ¢ tempered sample
Equilibrium segregation occurs mainly during temper-
ing and non-equilibrium segregation occurs mainly dur-
fng both quenching and tempering. Calculation of seg-
regation levels in the tempered sample has to be divided

It may be seen from Equation 10 thatDf < D into two steps. The first step is calculation of the seg-
there will be no non-equilibrium segregation effects."egation level during quenching and the second step is

It should, however, be noted here that Equation 10 i{Urng tempering. Details on the calculation may be

applicable only when the maximum equilibrium segre-S€en elsewhere [8].
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-3 Results and discussion

cable. In practice, tempering temperatures for low-alloy" Order t0 explore the effect of boron addition on tem-
steels are usually lower than 60D. In this scenario, PE' embrittlement of low-alloy steels, the approach de-

there could be quite a high maximum equilibrium seg-Scribed in Section 2is now applied to predictions of so-
regation level for alloying or impurity elements such lute segregation in a Iow—_alloy ste_el containing boron.
as boron and phosphorus. During tempering, there wilPata used in the calculations are listed in Table I.

be no net back-diffusion fluxes of solute atoms from 1 ne€ diffusion coefficients are given by the following

the grain boundary to the adjacent grains until the max!€lations

imum equilibrium segregation level is reached. As a EC
consequence, evenli; < Ds there still will be non- D¢ = Do exp(——m> (13a)
equilibrium segregation effects before the maximum kT
equilibrium segregation level is attained within a pe- E
riod required for a complex to diffuse from the grain s = Dos exp(——s> (13b)
centre to the boundary. For the same reason, before the kT

wheret is the isothermal holding time at tempera-
ture Tj, andt. = tc(T;). Evidently, Equation 12 is
merely concerned with desegregation. Hence the co
ditiont > t. is necessary in the use of Equation 12.

TABLE | 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]
E} (eV) 1.6 [26] 1.6 [26] 1.6 [26] 1.6 [26]
ET (eV) 1.3[27] 1.3[27] 1.3[27] 1.3[27]
Ep (eV) 0.36 [28] 0.47 [28] 0.41[28] 0.5[28]
Ef, (eV) 1.66 [7] 1.77 [7] 1.71[7] 1.3
Dos (M?/s) 712 x 1073 [24] 100 [25] 283 x 1078 [25] 2 x 1077 [25]
Doc (M?/s) 17 x 107529, 30] 17 x 1072 [29, 30] 17 x 1075 [29, 30] 2% 1077
Cy (at%) 0.072 Variable 0.072 Variable
Q (eV) 0.54 [31] 1.04[14,32]
B (um) 20 20 20 20
d (nm) 1 1 1 1
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where D. and Dg is the diffusion coefficients of
vacancy-solute complexes and solute atoms in the ma-
trix, respectively;Doc and Dys are the pre-exponential
constants for diffusion of the complexes and solute
atoms, respectiveljEF, is the migration energy for dif-
fusion of the complexe<s is the activation energy for
diffusion of solute atomsf, is the absolute temperature;
andk is Boltzmann’s constant.

It should be noted that boron is here thought of as
a substitutional solute ia-Fe and as an interstitial so-
lute in y-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 bcec crystals.

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

Owing to the fact that migration of interstitial solute
atoms is independent of that of vacancies, mechanisnsgure 2 Schematic diagram showing (a) the migration process of
for migration of the vacancy-interstitial solute complex vacancy-interstitial solute complexes in bcc crystals and (b) the new
and typical jump sequences are suggested as follows fpsition of the complex after the jumps illustrated in (&):(matrix
the fcc and bcce crystals, respectively. atom: @: solute atome: vacancy).

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

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
Figure 1 Sc_hemat_if:diagram showing(a) and(c)the mig!’ation pr_ocesseTumpS from site A to site B. Evidently, although these
of vacancy-interstitial solute complexes in fcc crystals with two different . . . .
mechanisms; (b) and (d) the new positions of the complex afterthejumpz,WO_Jump m?ChamsmS both require the complex to dis-
illustrated in (a) and (c), respectively( matrix atom:@: solute atom; ~ SOciate partially and re-form and have the same effect,
o: vacancy). they need different energies. For the first mechanism,
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the migration energy of the complex is approximately 110000
equal to the solute-atom migration energy plus the 100000 |
vacancy-solute binding energy or equal to the vacancy 44500 |
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 equals soo00 |
to the solute-atom migration energy. The selection of ., |
the former or the latter is also dependent on which is —a—Cbm1/Cgb
higher. Since the migration energy of the vacancy is | |==Cem2Cab
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-igure 4 Maximum equilibrium enrichment ratios of boron versus tem-
treatment procedures ofa sample are: pering temperature without (Cbm1/Cgb) and with (Cbm2/Cgb) consid-
eration of site competition between phosphorus and boron in a low-alloy
(i) austenitizing at 1056C, 1250°C, and 1300C,  Stee! doped with 10 at-ppm boron.
respectively, and oil-quenching;
(i) tempering at 500C.

80000 +

ratio

70000 +

hment

60000 T

1C.

20000
200 400 600 800 1000

Tempering temperature (0C)

80

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

40 +

30 1

T = (To — Tq) expat) + Tq (14)

Enrichment ratio

20 1

—e—C1

whereT, is the quenching temperaturg, is the tem- ) o
perature of guenching medium, apiés the cooling rate 104 e C3
parameter, which is about 0.5%for oil-quenching for o ‘ ‘ . ‘
Sma" Samples [35] . . . . [0} 20 40 60 80 100
Fig. 3 shows maximum equilibrium grain boundary Tempering time (h)
segregation degrees of phosphorus versus tempering
temperature with consideration of site competition beFigure 5 Predicted combined segregation of phosphorus versus temper-
tween phosphorus and boronina Iow-alloy steel dope(i:pg time with consideration of site competition between phosphorus and
. . ... boron in a low-alloy steel doped with 10 at-ppm B oil-quenched from
with boron. Because of th'e competltlon of boron ywth 1050°C (C1), 1250C (C2), and 1300C (C3), respectively, and tem-
phosphorus .fOI’ segregation sites, the sggregatlon @kred at 500C (maximum equilibrium enrichment ratio is about 52).
phosphorus is much suppressed, notably in the low and
intermediate temperature ranges. In comparison with

phosphorus segregation, there is not much change in_ ) N )
boron segregation between with and without consideration 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-

1600 sequence, boron should be a strong restrainer to grain
1400 4 If::igﬁg boundary segregation of phosphorus.
—a—10 at-ppm B Combined equilibrium and non-equilibrium segrega-

1200 | tion degrees of phosphorus in a low-alloy steel contain-

ing 10 at-ppm B quenched from different temperatures
andtempered at 50QC are illustrated in Fig. 5asafunc-
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 1250C- and 1300C-quenched

200 300 400 500 600 700 80O %00 1000 gamples. In addition, the segregation during quench-
Tempering temperature (°C) ing increases with increasing quenching temperature.
Thisis because the concentration of quenched-in vacan-

Figure 3 Maximum equilibrium enrichment ratios of phosphorus versus _. . ith i . hi t t
tempering temperature with consideration of site competition betv\/eenCIeS Increases with Increasing quenching temperature

phosphorus and boron in a low-alloy steel containing different quantitiesSO that the no_n—equilibriu.m segregation _Of phosphorus
of boron. increases during quenching and tempering.

1000 1

800 1

Enrichment ratio
[=;]
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o

N
[=1
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n
(=
(=]
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3.00 1+
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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

P boundary concentration (at%)

1.50 +
to the effect of boron addition on embrittlement of low-
1.00 ; , ‘ alloy steels.
0.00 0.05 0.10 0.15 0.20
B boundary concentration (at%)
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