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Abstract

An attempt is made, on the basis to published literature, to assess the amount
of phosphorus that might be present in the steels without making it sus-
ceptible to grain boundary embrittlement. Embrittlement occurs when the
general resistance to plastic flow is comparable to the stress required to sep-
arate crystals at their boundaries. A criterion is developed that enables a
simple assessment to be made of the tendency to embrittle as a function
of yield strength and the fraction of grain boundary sites that are covered
by phosphorus. The latter is also sensitive to chemical composition, since
some elements such as carbon segregate preferentially to phosphorus, giving
rise to site competition that can permit a greater tolerance to the impurity.
Other solutes affect the embrittling potency by different mechanisms, not all
of which are clear.
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design

1. Introduction

That phosphorus embrittles iron has been known since at least 1860:
“a very small amount of phosphorus will make bar Iron brittle, so small a
proportion as 0.5 per cent.” [1]. Specifically, phosphorus embrittles grain
boundaries, and its interactions with boundaries led to the creation of segre-
gation models as early as 1948 [2], with the subject of temper embrittlement
reviewed in 1953 [3] and on many occasions since then [4-9]. The boundaries
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at which the segregation of phosphorus occurs may be between ferrite grains
or austenite grains [10]. Considerable work has been done on the mechanism
of embrittlement. A useful concept is that if a solute in iron has a greater
reduction in energy (Ag,) when transferred from solid solution to a free sur-
face, than when it is similarly transferred to a grain boundary (Ag), then
it embrittles the boundary because it becomes favourable to separate the
grains [11]. Noting that both these energies would be negative for any solute
that tends spontaneously to segregate, the potency to embrittle scales with
the positive Ag, — Ags. Table 1 shows in this context that phosphorus has
a strong tendency to embrittle grain boundaries, and first principles calcu-
lations confirm this expectation for special low-% boundaries' [13]. Another
interpretation quite effectively correlates the size misfit of the segregating
atom relative to iron, against the energy required for boundary fracture [14].

Table 1: Selected segregation free energies for solutes in iron, from a compilation by
Anderson et al. [11].

Segregant  —Ag,/kJmol™t  —Ag,/kJmol™!

Carbon 50-75 73-85
Phosphorus 32-41 76-80
Hydrogen 65-68 71-109

These studies do not establish whether any embrittlement is sufficient to
induce brittle fracture. It is well known that slip and separation at grain
boundaries are competing mechanisms, so that anything which makes slip
more difficult will in general tend to lead to grain boundary failure [15].
Whether such failure occurs depends on the ability of the material within the
grains to accommodate strain. Factors that should enhance grain boundary
failure can be listed as follows:

a) matrix that is so strong that boundaries become the weak links;

b) low testing temperatures where the matrix is strengthened by the reduced
mobility of dislocations;

LS} refers to the fraction of lattice points that are common to two crystals that share
a common origin and are allowed to interprenetrate and fill all space [12, e.g.]. Thus, a
low-Y boundary would, in general, correspond to a low energy boundary.



c)

large grain size [16] since a fixed impurity content is then distributed over
a smaller boundary area per unit volume. For the case where the total
number of impurity atoms that can be accommodated at a boundary is
much smaller than the concentration available, Ishida [17] used McLean’s
theory [18] for grain boundary segregation to derive a grain size depen-
dence as follows:

Tp - T — 3t<2§)_11’b exp{ G

RT} for  3t2R)'«x1 (1)

Tp, — Tp 1—=

where z;, and T are the concentrations (mole fractions) in the boundary
and the material as a whole, respectively, ¢t is the boundary thickness,
R is the grain radius and G, the segregation free energy; the saturation
coverage Iy, is often assumed to be x;,, = 12. The intergranular fracture
stress begins to decrease when the coverage of phosphorus on the grain
boundaries is greater than about 0.1, thereafter decreasing from about
2300 MPa to 1600 MPa when the coverage is about 0.4 [19]. These data
refer to a nuclear pressure-vessel steel, but should be of generic impor-
tance.

a large fraction of high energy boundaries where impurity segregation is
favoured [20, 21]. Indeed, there are good reasons to introduce crystallo-
graphic textures that maximise low-misorientation or special boundaires
(low ¥ coincident site lattice boundaries); such boundaries are not only
stronger in that they are more difficult to cleave, but also have less free
volume for impurities to segregate [22] (Fig. 1).

It follows that strong steels will necessarily be more susceptible to phosphorus
embrittlement. The vast majority of steel that is produced in the world has
an ultimate tensile strength less than 600 MPa with ductility in excess of 25%.
Such steels should be tolerant to phosphorus concentrations that would lead
to severe difficulties in the case of very strong steels with strengths in excess
of 1500 MPa.

2The mole fraction of solute in the boundary is therefore defined as a fraction of the

two-dimensional atomic sites within the boundary plane.
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Figure 1: Simulated grain boundary segregation of phosphorus (red atoms) in Fe-0.1P at%,
at 900 K. (a) High energy ¥.241 boundary. (b) Low energy 33 boundary. Figures courtesy
of Professor Byeong-Joo Lee, POSTECH.

2. Tolerable amount of phosphorus

Equation 1 derived by Ishida [17] assumes a spherical grain shape, with
the size represented as a grain radius. In reality, space-filling grains approx-
imate to a tetrakaihedron (truncated octahedron) shape, in which case the
mean lineal intercept L determines the amount of grain surface per unit vol-
ume, Sy = 2/L [23] and the fraction of grain boundary to matrix volume is
simply 2t/L. Equation 1 is therefore modified as follows:

Ty T — (Qt/Z)SL’b Gs 2t
Tp, — Tp 1—-7 P RT o L < ( )

An estimate of the average phosphorus concentration (Z) that can be tol-
erated without significantly compromising the resistance to grain boundary
failure, can be made if it is accepted on the basis of experimental evidence,
that properties are unaffected when x;, < 0.1. Therefore, setting z;, = 0.1 in
equation 2, with Gy = —34300 — 21.5 x T' Jmol ' K~! [24], gives the results
illustrated in Fig. 2 for realistic grain sizes. It is evident that the purity
levels required at ambient temperature are not routinely achievable. There
are, however, important mitigating factors. First, that the calculations are
based on an assumption of equilibrium between the boundary and the ma-
trix phases. This is unlikely at low temperatures, bearing in mind that the
phosphorus must diffuse over a distance that is comparable to the grain size.

4



Recent calculations show that this is not likely during continuous cooling
from the Ael to ambient temperatures at rates in the range 1-100 K's™* [25].
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Figure 2: Given that grain
boundaries are decorated by
phosphorus to a concentration
which is z;, = 0.1 of a mono-
layer, the ordinate refers to the
average phosphorus content of
the steel (Z) if further enrich-
10 pm ment is to be avoided. Calcula-
tions are for an Fe-P binary al-
loy, with grain sizes L = 10 um
and 30 pm.
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A second important consideration is the role of other solutes. It is known,
for example, that carbon segregates to ferrite-ferrite boundaries to an extent
that is two orders of magnitude greater than phosphorus [26]. This is be-
cause of its low solubility in ferrite with the atom fitting better at the more
loosely packed grain boundaries. By doing so, the carbon can displace the
phosphorus (Fig. 3) or limit its uptake to the boundary, thereby mitigating
phosphorus embrittlement, and permitting greater quantities of phosphorus
to be tolerated. Almost all structural steels contain in excess of 0.008 wt%
of carbon in which case Fig. 3a indicates that carbon will occupy at least
half of the boundary sites available. Fig. 3b shows that the tolerable level
of phosphorus then doubles. Any element such as chromium that does not
itself segregate or is prevented by low diffusivity from doing so, and which
decreases the activity of carbon in ferrite will reduce the tendency for carbon
to segregate and hence free up boundary sites where phosphorus can reside

[24].

The site competition between carbon and phosphorus is temperature de-



pendent since the two species have different segregation energies [27]:
v = T (1—a) —af) exp{AR—I_f)}
AHE } )
RT
where T represents the bulk concentration of the solute concerned, and AH
is the enthalpy of segregation to ferrite-ferrite grain boundaries, estimated
to be 50 and 80 kJmol~! for carbon and phosphorus respectively [27]. These

equations do not account for grain size, but the following adaptation can be
made of equation 2 for simultaneous solution:

Ty = Tc(l—xbp—xg)exp{
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Figure 3: (a) Intergranular concentrations of phosphorus and carbon, as a function of the
average carbon concentration in a Fe-0.17P wt% steels annealed at 600 °C. Adapted from
[24]. (b) The grain size in all cases is L = 10 um, the Fe-P line is from Fig. 2, the Fe-P-C
line assumes that half the grain boundary sites are blocked by carbon, and the Fe-P-Nb/Ti
assumes solute-pinning reduces the P concentration at the boundaries by a factor of four.

3. Substitutional solutes

Some alloying additions that are in solid solution have been shown to re-
duce the segregation of phosphorus to grain boundaries [28]. It is speculated
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that this is because the alloying element has a strong chemical interaction
with phosphorus, in effect pinning the phosphorus atoms within the matrix.
Fig. 4 shows that both niobium and titanium reduce the phosphorus concen-
tration at the grain boundary when ternary alloys are tempered. Titanium
itself has been shown to segregate to grain boundaries and this may add
to the blocking of grain-boundary sites where phosphorus might deposit. It
is also possible, but not established, that titanium or niobium phosphides
form, thus reducing the concentration of phosphorus available for segrega-
tion. Whatever the mechanism, Fig. 4 indicates that it is possible to achieve
a four-fold decrease in the concentration of phosphorus at the grain bound-
aries using appropriate concentrations of niobium and phosphorus. Fig. 3b
shows that in these circumstances, the tolerable level of phosphorus becomes
much greater. But it is important to note that Ti and Nb are strong carbo-
nitride formers, whereas their action in reducing the potency of phosphorus
depends on their presence in solid solution.

Molybdenum undoubtedly helps mitigate the embrittling effect of phos-
phorus and it is argued that there is an optimum concentration that is ef-
fective in doing so (Fig 5). It is used routinely in commercial steels for the
specific purpose of eliminating grain boundary embrittlement [29]. Dissolved
molybdenum is said to inhibit the segregation of phophorus (scavenging),
and that which segregates to boundaries acts by an unknown mechanism to
improve the strength of the boundary in the presence of phosphorus [30].
Large concentrations of molybdenum become ineffective in steels due to the
ready formation of molybdenum-rich carbides. The optimum concentration
of Mo in the steel described in Fig. 5 is about 0.7 wt%, but this obviously
must vary with the overall composition of the steel since the tendency to
form carbides depends on the detailed constituents of the alloy [31].

But the story is confused. Surprisingly, molybdenum in Fe-Mo-P alloys
is found not to influence the grain boundary concentration of phosphorus
[32] and other experiments on steels also do not confirm a scavenging ef-
fect of molybdenum [33]. It is suggested that in Fe-Mo-C-P alloys, the for-
mation of molybdenum carbides results in phosphorus localisation in the
vicinity of the particles, but this cannot be the full explanation because con-
vincing accumulated-experience suggests that molybdenum in solid solution
dramatically reduces the tendency for failure at the austenite grain surfaces
[4, 31, 34, 35]. The efficacy of molybdenum additions to counter temper em-
brittlement is not therefore understood, nor that of vanadium in a similar
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Figure 4: (a) Reduction in phosphorus segregation to grain boundaries at 550 °C, due
to the presence of niobium (Fe-Nb-0.068P wt%) or titanium (Fe-Nb-0.04P wt%) in solid
solution. Adapted from [32]. (b) The effect of carbon in the presence of Ti or Nb, on

phosphorus segregation.
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Figure 5: The effect of molyb-
denum in a 2.25Cr steel con-
taining phosphorus, on the
change in the ductile-brittle
transition temperature. After
[30].

The addition of carbon to the Fe-P-(Nb,Ti) alloys complicates things
because niobium and titanium are strong carbide forming elements. Fig. 4b
shows that for a fixed concentration of Nb or Ti, the addition of carbon
initially increases the phosphorus concentration at the boundaries because of



the formation of NbC and TiC, thus diminishing the beneficial effects of the
microalloying additions. However, at sufficiently large concentrations, the
excess carbon then becomes available to block the grain boundary sites and
hence reduces the tendency for phosphorus to segregate [32].

Phosphorus embrittlement phenomena in irradiated steels are extremely
important in determining the long-term structural integrity of nuclear power
plant components such as reactor pressure-vessels. In particular, irradiation
can encourage phosphorus segregation to grain boundaries [36] through an
atomic mobility that is enhanced by the creation of point defects. An inter-
esting study in this context involves the addition of hafnium, which reduces
the potency of this effect by trapping vacancies and facilitating the recombi-
nation of vacancy-interstitial pairs [37].

An alternative strategy to mitigate the effect of phosphorus is to get-
ter it using strong phosphide forming elements such as La and Ce [38, 39].
For example, in creep-resistant steels such as the classical QiCr—lMo steel,
about 0.16 wt% of lanthanum is said to relieve temper embrittlment due to
0.02wt% P [38]. Such elements also combine with oxygen and sulphur to
form oxysulphides that can be coarse and lead to a reduction in toughness.
It is not clear whether the use of these elements for the purpose of fixing
phosphorus has been implemented commercially, possibly because of difficul-
ties in adding the elements to molten steel. The addition of lanthanum just
before rapid solidification has been reported to successfully scavenge phos-
phorus [40], but such a process is for niche materials requiring compaction
using powder-metallurgical techniques.

4. Influence of strength

It is has been known for some time, that temper embrittlement effects
become more of an issue as the strength of the steel is increased, although
surprisingly, the effect is being rediscovered in modern literature [41]. The
classic behaviour is illustrated in Fig. 6; the sensitivity of the impact ductile-
brittle transition temperature increases dramatically as the hardness of the
steel changes from 100 to 300 HV.

This behaviour must be related to the ability of the grain interior to
accommodate plastic deformation; a harder matrix will transfer the load
more effectively to the grain boundaries, and hence facilitate their separation.



How can this be formulated into a quantitative model?

Naudin et al. [19] measured the prior-austenite grain boundary cleav-
age strength using notched tensile tests and related the data to measured
phosphorus concentration (fraction of monolayer at the boundary). When
the latter is less than about 0.1, failure occurs by intragranular cleavage,
but beyond that phosphorus concentration, a large fraction of the fracture
occurs by separation at the prior-austenite grain boundaries. The results are
plotted in Fig. 7 as the dark-shaded region encompassing the uncertainties
in the measured data. The presence of a notch in the tensile test would
lead to constraint and a stress concentration by a factor of about three; the
shaded region represents the failure stresses measured by Naudin, divided by
this factor in order to represent failure in a monotonic tensile test. This cor-
rection is a little uncertain but is consistent with the fact that the measure
monotonic tensile strength for the steel studied [19] at 643 MPa is consistent
with the derived uniaxial yield strength in Fig. 7 for zero phosphorus.

TRANSITION
TEMPERATURE
(°C)

1+300

Figure 6: Dependence of the
impact transition temperature
on the hardness and phospho-
rus concentration of a par-
ticular steel (reproduced with
permission from Metallurgical
Transactions A, [42]).  The
intergranular concentration is
the atomic percent of boundary
sites covered by phosphorus.

300 250 200 150
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Chen and co-workers [41] related the ductile-brittle transition tempera-
ture Thprr of interstitial-free steel, to its hardness H (manipulated by ageing
at different temperature but keeping the ferrite grain size constant) and the
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atomic fraction of phosphorus xp at the boundary:
TDBTT ~ 0.24H + 16[L‘p —34.8 °C (5)

This empirical equation is specific to their study since the Charpy test is
empirical, and in any case the samples used were non-standard. But it is
unlikely that there should in general be a linear relationship with strength
because the method takes no account of the difference in the strength of the
boundaries and that of the matrix.

The grey region in Fig. 7 therefore can be used to see whether, for a given
phosphorus coverage in the grain boundary, the yield strength of the mate-
rial is large enough to suffer from intergranular separation. If the strength
of the steel concerned falls below the level prescribed, then the matrix is
able to accommodate plastic strain without transferring sufficient load on to
the boundaries to cause intergranular fraction. For example, if the atomic
fraction at the boundary is 0.4 then the yield strength of the steel should
not exceed about 400 MPa in order to avoid susceptibility to phosphorus
embrittlement.
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The analysis is approximate because the fracture strength of the black
region was measured at -60°C. Therefore, it is the strength at that temper-
ature that should be compared against Fig. 7, but such data are not readily
available. A good approximation is to add 105 MPa to the proof strength
used [43].

If the concept embedded in Fig. 7 is now applied to interstitial-free steels,
what have a proof strength of 120-180 MPa [44] which when corrected for
temperature gives 225-285 MPa, then the alloys would clearly be much more
tolerant to phosphorus than stronger steels. This is why substantial quan-
tities of phosphorus can be added without compromising ductility, because
the solute is known to increase both the strength and work-hardening capac-
ity of ferrite [45]. In galvanised versions, the segregated phosphorus reduces
the tendency to form the brittle v-Fe3Znq phase in Fe-Zn coatings, possibly
by blocking diffusion through grain boundaries [46-48], or through surface
segregation of phosphorus [49]; but the consequence is that the phosphorus
indirectly enhances the formability of galvanised interstitial-free steels.

Concentrations of phosphorus typically 0.05-0.1 wt% or also greater, have
been reported in the literature [46, 50-55]. The steel usually also contains
titanium and niobium with the primary purpose of tying up any carbon,
but which additionally help mitigate the deleterious effects of phosphorus, as
described in section 3. The material is produced in sheet form for the auto-
motive industry so it is difficult to assess the potential for embrittlement as is
done for pressure-vessel steels. However, deep-drawn cups that are subjected
to impact deformation do reveal ductile-brittle transition temperatures, and
phosphorus undoubtedly raises this [50-52, 56, 57]; an intergranular failure
mechanism related to phosphorus can also manifest during fatigue loading
[58]. Boron is often used to mitigate the embrittlement by occupying some
of the grain boundary sites at the expense of phosphorus, or by an intrinsic
grain boundary strengthening effect due to the segregated boron [50, 53, 55].
There is also clear evidence for phosphorus segregation to the «/a phase
boundaries, segregation that seems impossible to avoid by rapid cooling [25].

Very large concentrations of phosphorus, approaching 0.8 wt% in interstitial-
free steel alloyed with niobium leads to the precipitation of FeNbP com-
pounds, which embrittle the steel during cold-rolling operations [59]. It has
been argued [55] that when a high-strength interstitial-free steels are not re-
quired, phosphorus and boron are best avoided since they cause a decrease
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in elongation, and the surface quality of the steel [60, 61].

Table 2: A few examples of phosphorus alloyed interstitial-free steels, with compositions
in wt%. Not all of these alloys are commercial, many created to study the interactions
between phosphorus and boron.

C Mn P S B Ti Nb N Others Reference
0.0014 0.14  0.013 0.010 0.0001 0.037 0.005 0.0042 Si0.01, Al 0.046 [52]

0.0016 0.15 0.17 0.011 0.0001 0.046 0.006 0.0015 Si0.01, Al0.053 [52]
0.002 1.50 0.10 0.0005 0.045 0.004 0.002 Si0.01 (50]
0.002 2.00 0.10 0.0005 0.045 0.004 0.002 Si0.51 (50]
0.002 1.50 0.15 0.0005 0.045 0.004 0.002 Si 0.50 (50]
0.0038 0.16 0.06 0.007 0.03 0.03 0.003 Si 0.50 [51]
0.0009 0.18  0.105 0.010 0.0022 0.039 0.0013 Si 0.02 [53]
<0.004 1.0-1.2 0.10 0.002 0.02  0.04 0.003 (55]
<0.004 1.0-1.2 0.10 0.002 0.0010 0.02 0.04 0.003 [55]
<0.004 1.0-1.2 0.05 0.002 0.02  0.04 0.003 (55]

5. TRIP-assisted steels

There is a consensus that phosphorus can help increase the retained
austenite content in TRIP-assisted steels that have a microstructure of al-
lotriomorphic ferrite, bainitic ferrite and retained austenite [62]. Some chem-
ical compositions are listed in Table 3. Concentrations up to 0.2wt% do not
seem to lead to a significant deterioration in the uniform ductility, for al-
loys where the yield strength is less than 600 MPa, and the ultimate tensile
strength 600-950 MPa [62], although the total elongation has been shown to
deteriorate [63]. There are two reasons for the apparent tolerance of TRIP-
assisted steels to large phosphorus concentrations:

e the microstructure is dominated by allotriomorphic ferrite, which forms
by a diffusional mechanism and hence can grow across the austenite
grain boundaries. Therefore, unlike displacive transformations such as
martensite and bainite where the transformation products are confined
to individual grains, there are no prior-austenite grain boundaries left
for phosphorus to segregate to. This makes the microstructure much
less sensitive to classical impurity enhanced embrittlement.

This is consistent with the fact that the presence of allotriomorphic fer-
rite in steel weld metals reduces the propensity to intergranular fracture
at the prior austenite grain boundaries [64, 65].
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A similar phenomenon is observed during the infiltration of prior austen-
ite grain boundaries by liquid zinc. In a study of the heat-affected zone
of steel welds, the susceptibility to liquid zinc embrittlement was re-
duced as the allotriomorphic ferrite content increased [66]. The absence
of allotriomorphs at the prior austenite grain boundaries made them
more sensitive to zinc infiltration, because the prior boundaries have
a high-energy structure which is susceptible to wetting and impurity
segregation.

e Secondly, the yield strength of the materials is quite low, meaning
(Fig. 7) that plastic flow can prevent the onset of cleavage. Although
a high phosphorus concentration in solution should permit x, — 1,
the fraction of preserved prior-austenite or austenite-austenite grain
boundaries in TRIP-assisted steels will be very small.

Phosphorus is said to retard the formation of cementite and stabilise re-
tained austenite in TRIP-assisted steels [67-69]. There is no clear theoretical
basis for such an effect; it is argued that phosphorus reduces the activity of
carbon in cementite [70]. But this in itself is not a complete interpretation
since equilibria between phases should be considered. Furthermore, studies
on carburised steel [71] suggest contradictory observations, that phospho-
rus stimulates the formation of cementite at the austenite grain boundaries,
thereby leading to a reduction in the stability of any retained austenite. This
is also consistent with the Fe-C-P phase diagram that shows the emergence
of cementite as an equilibrium phase when the phosphorus concentration is
increased at a constant temperature [72], and with phase diagram calcu-
lations that show cementite increasing as the phosphorus concentration is
raised while maintaining the temperature constant [73, Fig. 6a].

There is a danger that phosphorus concentrations in excess of about
0.2wt% in TRIP-assisted steels may lead to FezP precipitation in either
the austenite or ferrite phases [74]. The consequences of such precipitation
do not seem to have been established experimentally. It has been suggested
in the context of automotive steels, that the crack path can preferentially
pass through bainitic-ferrite interfaces containing segregated phosphorus, al-
though the evidence provided was minimal [75].
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Table 3: Phosphorus-containing TRIP-assisted steels. The composition in the case of [68]
seems to be nominal.

C Mn Si Al P other  Reference

0.18 1.33 0.45 0.006 62]
012 1.58 0.53 0.068 62]
0.14 1.57 0.53 0.204 62]
02 14 05 07 004 [68]
0.15 1.60 0.30 0.07 [70]
013 1.38 155 0.055 Cu046  [63]
0.13 1.45 1.66 0.100 Cu048  [63]
022 1.50 044 134 0.073 [76]
019 1.50 0.25 044 0.015 [77]
022 1.54 027 175 0.018 [77]
0.18 1.50 0.26 0.44 0.102 [77]
0.18 1.83 0.48 0.076 78]

6. Phosphorus in steel castings

Cast steels will in general contain more defects (such as porosity) and
coarser chemical-segregation when compared against those that are processed
subsequently by deformation. Chemical segregation exaggerates the local
concentration of phosphorus in enriched regions and can compromise mechan-
ical properties [79]. It follows that there may exist defects other than those
caused by phosphorus embrittlment that can control structural intergrity,
so it may not be appropriate use Fig. 7 in assessing the tolerable level of
phosphorus. The mechanism of embrittlement may also differ. For example,
in an investment casting, thin films of iron phosphide have been reported to
form at grain boundaries even though the average phosphorus concentration
was 0.009 wt% [80]; this is because slow cooling at temperatures in excess of
1400°C led to the enrichment of phosphorus in the last liquid to solidify at
the austenite/liquid interfaces. Not surprisingly, phosphorus has also been
shown to be segregated in cast ingots [81, 82]. In such circumstances, macro-
scopic regions of castings may have significantly deteriorated properties when
compared with those regions that solidify first.

Thin-slab cast steels [83-86] that are made by melting scrap do not have
the advantage of substantial thermomechanical processing prior to achieving
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the final product. It is found that substantial concentrations of phosphorus
(< 0.2wt%) in such steel can lead to a reduction in the austenite grain size
by a factor of two, because the phosphorus stabilises some J-ferrite that pins
the boundaries of the austenite grains [83, 84].> The argument is that such
additions can be made into low-grade steels, but the detailed consequences
of the effect on mechanical properties have not been reported.

7. Conclusions

Phosphorus is in general to be avoided in strong steels, but can be toler-
ated in larger concentrations in low-strength varieties. The following specific
conclusions can be reached:

1. The strength of the steel is the largest factor of importance in determin-
ing the tolerable level of phosphorus. The plot presented in Fig. 7 can
be used to assess whether the steel is likely to suffer from phosphorus
embrittlement when the toughness testing is carried out at —60 °C.

2. The atomic fraction of phosphorus at the boundary depends on the
grain size and the presence of other alloying elements such as Nb, Ti
and C in solid solution. This should be accounted for when considering
the relevant location on the horizontal scale of Fig. 7.

3. According to Fig. 7, steels where the tensile strength exceeds about
750 MPa will contain significant fractions of cleavage or intergranular
fracture even at relatviely small concentrations of phosphorus.

4. Equations such as 4 can be used to estimate the concentration of phos-
phorus at the grain boundaries when there is site competition. The data
necessary for such calculations include boundary segregation energies
and the concentrations of solute that are dissolved. Such equations do
not of course consider kinetics, but separate diffusion theory can be
implemented to estimate segregation kinetics, for example [88, 89.

3A corollarly is that because phosphorus stabilises ferrite, an addition of 0.06P wt%
to Q%CrlMo steel leads to a reduction in hot ductility during hot-deformation due to the
formation of a thin layer of allotriomorphic ferrite and the austenite grain boundaries [87].
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Therefore, although there are no simplistic statements regarding the tol-
erable concentration of phosphorus, some guidelines have been established
that should form the basis of a consolidated model that includes strength,
test temperature, solute concentrations and possibly, strain rate as variables.

17



References

1

10.

11.

. W. Fordyce: A History of Coal, Coke, Coalfields and Iron Manufacture
in Northern England: London, U.K.: Sampson Low, Son and Co., 1860.

. D. McLean, and L. Northcott: ‘Micro-examination and electrode-
potential measurements of temper-brittle steels’, Journal of the Iron
and Steel Institute, 1948, 158, 169-177.

. B. C. Woodfine: ‘Temper-brittleness: a critical review of the literature’,
Journal of the Iron and Steel Institute, 1953, 173, 229-240.

C. L. Briant, and S. K. Banerji: ‘Intergranular failure in steel: role
of grain boundary composition’, International Metals Reviews, 1978,
4(164-199).

. L. Olefjord: ‘Temper embrittlement’, International Metals Reviews,
1989, 4, 149-163.

. M. P. Seah: ‘Chemistry of solid-solid interfaces - a review of its charac-
terization, theory, and relevance to materials science’, Journal of Vac-
cum Science and Technology, 1980, 17, 16-24.

. W. Zabil’skii: ‘Temper embrittlement of alloy steels (review)’, Metal
Science and Heat Treatment, 1987, 29, 32-42.

. R. D. K. Misra: ‘Grain boundary segregation and fracture resistance of
engineering steels’, Surface and Interface Analysis, 2001, 31, 509-521.

C. J. McMahon, Jr.: ‘Brittle fracture of grain boundaries’, Interface
Science, 2004, 12, 141-146.

J. Q. Clayton, and J. F. Knott: ‘Phosphorus segregation in austenite in
Ni—Cr and Ni—Cr—Mn steels’, Metal Science, 1982, 16, 145-152.

P. M. Anderson, J.-S. Wang, and J. R. Rice: ‘Thermodynamic and me-
chanical models of interfacial embrittlement’, In: G. B. Olson, M. Azrin,
and E. S. Wright, eds. Innovations in ultrahigh-strength steel technol-
ogy. Massachusetts, USA: US Army Materials Technology Laboratory,

1987:619-650.

18



12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. H. K. D. H. Bhadeshia: Geometry of Crystals: 2nd edition, Institute of
Materials, 2001.

R. Wu, A. J. Freeman, and G. B. Olson: ‘First principles determination
of the effects of phosphorus and boron on iron grain boundary cohesion’,
Science, 1994, 265, 376-380.

M. P. Seah: ‘Segregation and strength of grain boundaries’;, Proceedings
of the Royal Society A, 1976, 349, 535-554.

T. Diimmer, J. C. Lasalvia, G. Ravichandran, and M. A. Meyers: ‘Effect
of strain rate on plastic flow and failure in polycrystalline tungsten’, Acta
Materialia, 1998, 46, 6267-6290.

A. V. Nikolaeva, Y. A. Nikolaev, and Y. R. Kevorkyan: ‘Grain-boundary
segregation of phosphorus in low-alloy steel’, Atomic Energy, 2001, 91,
534-542.

K. Ishida: ‘Effect of grain size on grain boundary segregation’; Journal
of Alloys and Compounds, 1996, 235, 244-249.

D. McLean: Grain Boundaries in Metals: Clarendon Press, Oxford,
1957.

C. Naudin, J. M. Frund, and A. Pineau: ‘Intergranular fracture
stress and phosphorus grain boundary segregation of a Mn-Ni-Mo steel’,
Scripta Materialia, 1999, 40, 1013-1019.

T. Ogura, T. Watanabe, S. Karashima, and T. Masumoto: ‘Dependence
of phosphorus segregation on grain boundary crystallography in an Fe-
Ni-Cr alloy’, Acta Metallurgica, 1987, 35, 1807-1814.

S. Kobayashi, S. Tsurekawa, T. Watanabe, and G. Palumbo: ‘Grain
boundary engineering for control of sulfur segregation-induced embrit-
tlement in ultrafine-grained nickel’, Scripta Materialia, 2010, 62, 294—
297.

W. S. Ko, N. J. Kim, and B. J. Lee: ‘Atomistic modeling of an impu-
rity element and a metal-impurity system: pure P and Fe-P system’,
Journal of Physics: Condensed Matter, 2012, 24, 225002.

19



23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. R. T. DeHoff, and F. N. Rhines: Quantitative Microscopy: New York:
McGraw Hill, 1968.

H. Erhart, and H. J. Grabke: ‘Equilibrium segregation of phosphorus
at grain boundaries of Fe-P, Fe-C—P, Fe-Cr—P, and Fe-Cr—C-P alloys
embrittlement’, Metal science, 1981, 15, 401-408.

J. I. Kim, J. H. Pak, K. S. Park, J. H. Jang, D. W. Suh, and H. K.
D. H. Bhadeshia: ‘Segregation of phosphorus to ferrite grain boundaries
during transformation in Fe-P alloy’, International Journal of Materials
Research, 2014, 7, 7

D. Gupta: ‘Influence of solute segregation on grain-boundary energy
and self-diffusion’, Metallurgical Transactions A, 1977, 8, 1431-1438.

S. Suzuki, M. Obata, K. Abiko, and H. Kimura: ‘Effect of carbon
on the grain boundary segregation of phosphorus in a-iron’, Scripta
Metallurgica, 1983, 17, 1325-1328.

H. J. Grabke, R. M’oller, H. Erhart, and S. S. Brenner: ‘Effects of the
alloying elements Ti, Nb, Mo and V on the grain boundary segregation of
P in iron and steels’, Surface and Interface Analysis, 1987, 10, 202—-209.

A. J. Rose, F. Mohammed, A. W. F. Smith, P. A. Davies, and R. D.
Clarke: ‘Superbainite: laboratory concept to commercial product’, Ma-
terials Science and Technology, 2014, 30, 1094-1098.

P. Dumoulin, M. Guttmann, M. Foucault, M. Palmier, C. M. Wayman,
and M. Biscondi: ‘Role of molybdenum in phosphorus-induced temper
embrittlement’, Metal Science, 1980, 14, 1-15.

R. Guillou, M. Guttmann, and P. Dumoulin: ‘Role of molybdenum in
phosphorus-induced temper embrittlement of 12%Cr martensitic stain-
less steel’, Metal Science, 1981, 15, 63—72.

H. J. Grabke, K. Hennesen, R. Moller, and W. Wei: ‘Effects of man-
ganese on the grain boundary segregation, bulk and grain boundary
diffusivity of P in ferrite’, Scripta Metallurgica, 1987, 21, 1329-1334.

G. Krauss, and C. J. McMahon, Jr.: ‘Low toughness and embrittlement
phenomena in steels’; In: G. B. Olson, and W. S. Owen, eds. Martensite.
Ohio, USA: ASM International, 1992:295-322.

20



34

35.

36.

37.

38.

39.

40.

41.

42.

43.

. C. J. McMahon Jr., A. K. Cianelli, and H. C. Feng: ‘The influence of
Mo on P-Induced temper embrittlement in Ni-Cr steel’, Metallurgical
Transactions A, 1977, 8, 1055-1057.

J. Yu, and C. J. McMahon Jr.: ‘The effects of composition and carbide
precipitation on temper embrittlement of 2.25 Cr-1 Mo steel: Part I.
Effects of P and Sn ’, Metallurgical & Materials Transactions A, 1980,
11, 277-289.

J. E. Zelenty: ‘Understanding thermally induced embrit-
tlement in low copper RPV steels utilising atom probe to-
mography’,  Materials Science and Technology, 2015, 31, DOI:
http://dx.doi.org/10.1179/1743284714Y.0000000718.

Z. Lu, R. G. Faulkner, N. Sakaguchi, H. Konshita, H. Takahashi, and
P. E. J. Flewitt: ‘Control of phosphorus inter-granular segregation in
ferritic steels’, Journal of Nuclear Materials, 2004, 329, 1017-1021.

M. P. Seah, P. J. Spencer, and E. D. Hondros: ‘Additive remedy for
temper brittleness’, Metal Science, 1979, 13, 307-314.

C. I. Garcia, G. A. Ratz, M. G. Burke, and A. J. DeArdo: ‘Reducing
temper embrittlement by lanthanide additions’, Journal of Metals, 1985,
37, 22-28.

C. Hayzelden: ‘Secondary particle dispersions and impurity gettering
in ultrahigh strength steels’, In: E. S. W. G. B. Olson, M. Azrin:, ed.
Innovations in ultrahigh-strength steel technology. Massachusetts, USA:
US Army Materials Technology Laboratory, 1987:383-406.

X.-M. Chen, S.-H. Song, L.-Q. Weng, and K. Wang: ‘Combined hard-
ening and non-hardening embrittlement of an interstitial free steel’, Ma-
terials Letters, 2012, 67, 107-109.

R. A. Mulford, C. J. McMahon, Jr., D. P. Pope, and H. C. Feng: ‘Tem-
per embrittlement of Ni-Cr steels by phosphorus’, Metallurgical Trans-
actions A, 1976, 7, 1183-1195.

F. M. Beremen, A. Pineau, F. Mudry, J.-C. Devaux, Y. D’Escatha,
and P. Ledermann: ‘A local criterion for cleavage fracture of a nuclear
pressure vessel steel’, Metallurgical Transactions A, 1983, 14, 2277-2287.

21



44

45.

46.

47.

48.

49.

20.

ol.

o2.

23.

o4.

. S. Hoile: ‘Processing and properties of mild interstitial free steels’,
Materials Science and Technology, 2000, 16, 1079-1093.

C. L. Magee, and R. G. Davies: ‘Automotive sheet steels’, In: Al-
loys for the 80s. Michigan, USA: Climax Molybdenum Co., 1980:25-34,
http://www.msm.cam.ac.uk/phase-trans/2013/Alloys_Eighties.pdf.

C. E. Jordan, and A. R. Marder: ‘Fe-Zn phase formation in interstitial-
free steels hot-dip galvanized at 450 °C’, Journal of Materials Science,
1997, 32, 5593-5602.

C. E. Jordan, and A. R. Marder: ‘Fe-Zn phase formation in interstitial-
free steels hot-dip galvanized at 450 °C, part 1I', Journal of Material
Science, 1997, 32, 5603-5610.

A. R. Marder: ‘Metallurgy of zinc—coated steel’, Progress in Materials
Science, 2000, 45, 191-271.

S. Feliu Jr., and M. L. Pérez-Revenga: ‘Effect of alloying elements
(Ti, Nb, Mn and P) and the water vapour content in the annealing
atmosphere on the surface composition of interstitial-free steels at the
galvanising temperature’, Applied Surface Science, 2004, 229, 112-123.

T. Mega, J. Shimomura, and K. Seto: ‘Grain boundary segregation of
phosphorus, boron and manganese in high tensile strength steel sheet’,
Materials Transactions, JIM, 1996, 37, 323-329.

J. S. Rege, M. Hua, C. I. Garcia, and A. J. DeArdo: ‘The segrega-
tion behavior of phosphorus in Ti and TilNDb stabilized interstitial-free
steels’, ISIJ international, 2000, 40, 191-199.

E. Yasuhara, K. Sakata, T. Kato, and O. Hashimoto: ‘Effecct of boron
on the resistance to secondary working embrittlement in extra-low-C
cold-rolled steel sheet’, ISIJ international, 1994, 34, 99-107.

E. El-Kashif, K. Asakura, and K. Shibata: ‘Effect of cooling rate af-
ter recrystallization on P and B segregation along grain boundary in if
steels’, IS1J international, 2003, 43, 2007-2014.

E. V. Pereloma, I. B. Timokhina, A. I. Nosenkov, and J. J. Jonas: ‘Role
of Cr and P additions in the development of microstructure and texture
in annealed low carbon steels’, Metalurgija, 2004, 43, 149-154.

22



25

26.

o7.

o8.

29.

60.

61.

62.

63.

64.

. S. I. Kim, S. H. Choi, and Y. Lee: ‘Influence of phosphorous and
boron on dynamic recrystallization and microstructures of hot-rolled

interstitial free steel’, Materials Science and Engineering A, 2005, 406,
125-133.

R. D. Misra, G. Weatherly, and D. Embury: ‘Kinetics of cold work em-
brittlement in rephosphorised, interstitial free steels’, Materials Science
and Technology, 2000, 16, 9-12.

R. D. K. Misra: ‘Temperature-time dependence of grain boundary seg-
regation of phosphorus in interstitial-free steels’, Journal of Materials
Science Letters, 2002, 21, 1275-1279.

M. N. James: ‘Intergranular crack paths during fatigue in interstitial-
free steels’, Engineering Fracture Mechanics, 2010, 77, 1998-2007.

A. S. Ramos, H. R. Z. Sandim, and T. M. Hashimoto: ‘FeNbP in
ultra-low carbon Nb-added steel containing high P’, Materials Charac-
terization, 2000, 45, 171-174.

I. Hertveldt, B. C. D. Cooman, and S. Claessens: ‘Influence of annealing
conditions on the galvanizability and galvannealing properties of TiNb
interstitial-free steels, strengthened with phosphorous and manganese’,
Metallurgical € Materials Transactions A, 2000, 31, 1225-1232.

[. Hertveldt, B. C. D. Cooman, and S. Claessens: ‘Hot dip galvanising
and galvannealing of P and Mn strengthened TiNb IF steels’, Materials
Science and Technology, 2001, 17, 1508-1515.

H. C. Chen, H. Era, and M. Shimizu: ‘Effect of phosphorus on the for-
mation of retained austenite and mechanical-properties in Si-containing

low-carbon steel sheet’, Metallurgical & Materials Transactions A, 1989,
20, 437-445.

C. Jing, D. W. Suh, C. S. Oh, Z. Wang, and S. J. Kim: ‘Effects of
phosphorous addition on mechanical properties and retained austenite
stability of 0.15C-1.5Mn-1.5A1 TRIP-aided cold rolled steels’, Metals
and Materials International, 2007, 13, 13—-19.

K. Ichikawa, Y. Horii, R. Motomatsu, M. Yamaguchi, and N. Yurioka:
‘Mechanical properties of weld metal of fire resistant steel by large heat

23



65.

66.

67.

68.

69.

70.

71.

72.

input submerged arc welding’, Quarterly Journal of Japan Welding So-
ciety, 1996, 14, 27-32.

H. K. D. H. Bhadeshia: ‘Models for the elementary mechanical prop-
erties of steel welds’, In: H. Cerjak, and H. K. D. H. Bhadeshia, eds.
Mathematical Modelling of Weld Phenomena 3, vol. 3. Institute of Ma-
terials, London, 1997:235-255.

T. Iezawa, T. Inoue, O. Hirano, T. Okazawa, and T. Koseki: ‘Effect of
boron on liquid Zn embrittlement in HAZ of STKT590 steel tube for
power transmission tower’, Tetsu—to-Hagane, 1993, 79, 96-102.

S. Traint, A. Pichler, K. Hauzenberger, P. Stiaszny, and E. Werner:
‘Influence of silicon, aluminium, phosphorus and copper on the phase

transformations of low alloyed trip-steels’, Steel Research, 2002, 73, 259
266.

S. Zaefferer, J. Ohlert, and W. Bleck: ‘A study of microstructure, trans-
formation mechanisms and correlation between microstructure and me-
chanical properties of a low alloyed TRIP steel’, Acta Materialia, 2004,
52, 2765-2778.

L. Ki, B. C. D. Cooman, R. D. Liu, J. Vleugels, M. Zhang, and W. Shi:
‘Design of TRIP steel with high welding and galvanizing performance
in light of thermodynamics and kinetics’, Journal of Iron and Steel Re-
search, 2007, 14, 37-41.

X. Li, D. Zhu, and X. Wang: ‘Evaluation on dispersion behavior of
the aqueous copper nano-suspensions.’, Journal of Colloid and Interface
Science, 2007, 310, 456—463.

R. S. Hyde, G. Krauss, and D. K. Matlock: ‘Phosphorus and carbon
segregation: Effects on fatigue and fracture of gas-carburized modified
4320 steel’, Metallurgical and Materials Transactions A, 1994, 25, 1229—
1240.

V. Raghavan: Phase Diagrams of Ternary Iron Alloys, vol. 3: Calcutta,
India: Indian Institute of Metals, 1988:33—44.

24



73

74.

75.

76.

7.

78.

79.

80.

81.

82.

J. Wang, and S. van der Zwaag: ‘Theoretical study of phosphorus
containing TRIP steel, part 1: determination of the phosphorus concen-
tration’, Zeitschrift fiir Metallkunde, 2001, 92, 1299-1305.

J. Wang, and S. van der Zwaag: ‘Theoretical study of phosphorus
containing TRIP steel, part 2: analysis of the potential TRIP effect’,
Zeitschrift fiur Metallkunde, 2001, 92, 1306-1311.

A. Kumar, S. S. B, and K. K. Ray: ‘Fatigue crack growth behaviour
of ferrite-bainite dual phase steels’, Materials Science and Technology,
2013, 29, 1507-1512.

J. Bouquerel, K. Verbeken, D. Krizan, L. Barbe, P. Verleysen, and
Y. Houbaert: ‘Evaluation of the static stress-strain behaviour of phos-

phorus alloyed and titanium micro-alloyed TRIP steels’, Steel Research
International, 2008, 79, 784-792.

E. Jimenez-Melero, N. H. van Dijk, L. Zhao, J. Sietsma, S. E. Offerman,
J. P. Wright, and S. van der Zwaag: ‘The effect of aluminium and
phosphorus on the stability of individual austenite grains in trip steels’,
Acta Materialia, 2009, 57, 533-543.

X. Y. Hou, Y. B. Xu, Y. F. Zhao, and D. Wu: ‘Microstructure and
mechanical properties of hot rolled low silicon TRIP steel containing
phosphorus and vanadium’, Journal of Iron and Steel Research, Inter-
national, 2011, 18, 40-45.

S. E. Kang, J. R. Banerjee, A. Tuling, and B. Mintz: ‘Influence of P and
N on hot ductility of high Al, boron containing TWIP steels’, Materials
Science and Technology, 2014, 30, 1328-1335.

T. J. Baker, and W. D. Harrison: ‘Overheating and burning in steel
castings’, Metals Technology, 1975, 2, 201-205.

M. R. Bridge, and G. D. Rogers: ‘Structural effects and band segre-
gate formation during the electromagnetic stirring of strand-cast steel’,
Metallurgical Transactions B, 1984, 15, 581-589.

G. Golanski, S. Stachura, J. Kupczyk, and B. Kucharska-Gajda: ‘Heat
treatment of cast steel using normalization and intercritical annealing’,
Archives of Foundry Engineering, 2007, 7, 123-126.

25



83

84.

85.

86.

87.

88.

89.

. N. Yoshida, O. Umezawa, and K. Nagai: ‘Influence of phosphorus on
solidification structure in continuously cast 0.1 mass% carbon steel’, IS1J
International, 2003, 43, 348-357.

N. Yoshida, O. Umezawa, and K. Nagai: ‘Analysis on refinement of
columnar v grain by phosphorus in continuously cast 0.1 mass% carbon
steel’, IS1J International, 2004, 44, 547-555.

K. M. Banks, A. Tuling, and B. Mintz: ‘Influence of thermal history on
hot ductility of steel and its relationship to the problem of cracking in

continuous casting’, Materials Science and Technology, 2012, 28, 536—
542.

S. K. Giri, T. Chanda, S. Chatterjee, and A. Kumar: ‘Hot ductility of
C-Mn and microalloyed steels evaluated for thin slab continuous casting
process’, Materials Science and Technology, 2014, 30, 268-276.

A. M. Guo, Y. H. Wang, D. D. Shen, Z. X. Yuan, and S. H. Song: ‘Influ-
ence of phosphorus on the hot ductility of 2.25Cr1Mo steel’;, Materials
Science and Technology, 2003, 19, 1553-1556.

R. G. Faulkner: ‘Non-equilibrium grain-boundary segregation in
austenitic alloys’, Journal of Materials Science, 1981, 16, 373-383.

S. H. Song, and L. Zheng: ‘Effect of thermal cycling induced phosphorus
grain boundary segregation on embrittlement of welding heat affected
zones in 2.25Cr-1Mo steel’, Materials Science and Technology, 2014, 30,
1378-1385.

26





