
322-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H Introduction

Spent nuclear fuel reprocessing facili-
ties need to be constructed from materials
offering high performance and reliability,
ones that in particular have a high corro-
sion resistance to nitric acid. Therefore,
nitric acid-resistant stainless steel grades
having ultralow-carbon (ULC) contents,
such as Types 304ULC and 316ULC, are
currently used for the main components of
reprocessing plants (Ref. 1). However, it
has been found that intergranular corro-

sion occurred in devices in the reprocess-
ing line after a short period of test opera-
tion. To improve intergranular corrosion
resistance, there is an urgent demand that
these materials be replaced with ones with
improved intergranular corrosion resist-
ance, making them more resistant to such
an environment.

Recently, highly pure corrosion-resis-
tant stainless steels containing a large
amount of nickel (Ni) have been devel-
oped as nitric acid-proof alloys to replace
existing Types 304ULC and 316ULC
stainless steels (Ref. 2). For example,

extra-high-purity 25 mass-% Cr – 20 mass-
% Ni (Type 310 stainless steel) and 25
mass-% Cr – 35 mass-% Ni steels, which
are manufactured by the cold crucible in-
duction melting (CCIM) with electron
beam cold hearth refining (EB-CHR)
methods (Ref. 3), have been proposed as
candidates for corrosion-resistant alloys in
the next generation of reprocessing facili-
ties. In these extra-high-purity stainless
steels, the total sum content of minor and
impurity elements, such as carbon (C),
oxygen (O), nitrogen (N), P, and S, can be
reduced to less than 100 ppm. To practi-
cally apply such extra-high-purity stainless
steels, these steels should also possess a
superior and reliable weldability for fusion
welding.

It is well known that austenitic stainless
steels, especially fully austenitic stainless
steels such as Type 310, are potentially sus-
ceptible to weld cracking (hot cracking). Ac-
cording to a previous study (Ref. 4), extra-
high-purity stainless steel (Type 310EHP)
has a negligible susceptibility to solidifica-
tion cracking despite being a fully austenitic
stainless steel (i.e., not containing any δ fer-
rite). Consequently, refining to an extra-
high-purity grade (purification) would be
one of the most innovative countermea-
sures for solving the hot cracking issue of
fully austenitic alloys such as those that are
stainless steel and Ni based.

On the other hand, more corrosion-
resistant (anti-intergranular corrosion) al-
loys are being developed for application in
more severe corrosive environments
found in spent nuclear fuel reprocessing
facilities. A high-chromium (Cr) and high-
Ni austenitic stainless steel is one of the
most promising of these highly corrosion-
resistant alloys. For instance, extra-high-
purity 25 mass-% Cr – 35 mass-% Ni stain-
less steel, whose alloying composition is
comparable to Alloy 800 (Incoloy® 800)
as well as a Ni-based alloy with 30 mass-%
Cr – 8 mass-% W – 2 mass-% Si grade have
been recently developed as anti-intergran-
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ABSTRACT

The hot cracking susceptibility of extra-high-purity 25Cr-35Ni stainless steel was
evaluated by the transverse-Varestraint test while varying the contents of phospho-
rus (P) and sulfur (S). The solidification and ductility-dip cracking susceptibilities in-
creased with an increase in the P and S contents in steels. There was a good linear
relationship between the compositional parameter (P + 1.22 S) and ductility-dip
temperature range as well as between (P + 1.19 S) and the solidification brittle tem-
perature range in extra-high-purity 25Cr-35Ni steel welds. The amount of P + 1.22
S in steels should be limited to approximately 90 ppm to obtain a sufficiently low duc-
tility-dip cracking susceptibility in such welds. Numerical simulation of segregation
behaviors for P and S revealed that they were segregated at grain boundaries in the
ductility-dip temperature range during welding. A molecular orbital analysis sug-
gested that ductility-dip cracking could be attributed to grain boundary embrittle-
ment due to grain boundary segregation of P and S. The solidification and ductility-
dip cracking susceptibilities could be improved by adding 20–70 ppm lanthanum (La)
to extra-high-purity 25Cr-35Ni steel containing 6–8 ppm P and S. The ductility-dip
cracking susceptibility decreased as a result of the desegregation of P and S to grain
boundaries due to the scavenging effect of La.
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ular corrosion alloys (Ref. 3). Among
those alloys, extra-high-purity 25 mass-%
Cr – 35 mass-% Ni stainless steel, which is
also manufactured by a combination of
CCIM with EB-CHR methods as de-
scribed previously, possesses a fully
austenitic microstructure as well as higher
Cr and Ni contents compared with con-
ventional stainless steels. Therefore, there
is fear that such steel is potentially suscep-
tible to hot cracking, even if refined to
extra-high-purity grade.

A great number of studies have been
performed concerning the hot cracking be-
havior of fully austenitic stainless steels. Ac-
cording to these studies, controversial hot
cracking in such steels would be dominantly
regarded as solidification cracking (fusion
zone cracking) and liquation cracking
(HAZ cracking and/or weld metal HAZ
cracking). As for the solidification cracking
susceptibility in fully austenitic stainless
steels, impurity elements such as P and S
greatly influenced solidification cracking
susceptibility (Refs. 5–9), and the (P + S)

content should be reduced to less than 0.01
mass-% to obtain excellent crack resistance
in the practical use of Type 310 stainless
steel (Ref. 5). Furthermore, several re-
searchers reported that the quantitative in-
fluence of P on solidification cracking was
comparable to or larger than (1.1–2.1 times)
that of S in Types 304 and 310S stainless
steels (Refs. 5–8), while other researchers
conversely suggested that S was more harm-
ful in solidification cracking compared with
P in austenitic stainless steels (Type 308)
(Ref. 9).

As for the liquation cracking in fully
austenitic stainless steels, P and S also
greatly influenced liquation cracking sus-
ceptibility (Refs. 6, 9–12). However, the
effects of P and S on liquation cracking
would be slightly different from that on so-
lidification cracking. For instance, S was
more potent in exacerbating liquation
cracking than P (P + S level of 0.032%)
(Ref. 12). Meanwhile, it has been also re-
ported that the minor and impurity ele-
ments such as P, S, C, and boron (B), also
affected the hot cracking susceptibility of
high-Cr and high-Ni stainless steels such
as Alloy 800 (Refs. 13–15). However,
these previous investigations covered the
hot cracking susceptibility of commercial
purity stainless steels containing some
amounts of C, P, and S as well as man-
ganese (Mn) and silicon (Si). Therefore,
the characteristic influence and quantita-
tive contribution of minor and impurity el-
ements to the hot cracking behavior in
austenitic stainless steels are still unclear.

On the other hand, the authors have al-
ready reported that the solidification crack-

ing susceptibility of Type 310 stainless steels
drastically decreased as the amounts of
minor and impurity elements were reduced
(purification), while the ductility-dip crack-
ing susceptibility slightly increased in extra-
high-purity steel (Ref. 4). In addition, the
ductility-dip cracking susceptibility gener-
ally tends to heighten in the high-Cr and
high-Ni alloys. Accordingly, there is a possi-
bility that 25 mass-% Cr – 35 mass-% Ni
extra-high-purity stainless steel would be
more susceptible to ductility-dip cracking
than solidification cracking.

The objective of this study is to evaluate
the weldability of extra-high-purity corro-
sion-resistant stainless steels. In the present
report, the cracking behavior of an anti-
intergranular corrosion extra-high-purity
25 mass-% Cr – 35 mass-% Ni stainless steel
is investigated, and the quantitative influ-
ences of minor and impurity elements on
hot cracking susceptibility are clarified. The
mechanism of action for steel refinement to
change the hot cracking susceptibility is dis-
cussed based on a numerical analysis of
grain boundary segregation and grain
boundary embrittlement in the weld metal.
Furthermore, the effect of the rare earth
metal (REM), La, as an addition to the steel
is investigated to further improve the hot
cracking susceptibility of extra-high-purity
stainless steels.

Materials and Experimental
Procedures

Materials

Eight types of extra-high-purity 25
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Fig. 1 — Schematic illustration of the trans-
verse-Varestraint test procedure.

Fig. 2 — Dimensions of the specimen for evaluating hot ductility by the Gleeble® test.

Table 1 — Chemical Compositions of Materials Used (mass-%)

Steel C Si Mn P S Ni Cr Ti O N La

U21 0.0059 <0.01 <0.01 0.0005 0.0001 34.76 26.14 0.15 0.0008 0.0013 —
U22 0.0038 <0.01 <0.01 0.0004 0.0032 35.81 26.22 0.11 0.0038 0.0033 —
U23 0.0042 <0.01 <0.01 0.0004 0.0092 34.36 25.98 0.12 0.0044 0.0036 —
U24 0.0008 <0.01 <0.01 0.0036 0.0009 35.05 22.89 0.20 0.0011 0.0009 —
U25 0.0014 <0.01 <0.01 0.0110 0.0008 35.85 22.73 0.21 0.0007 0.0009 —
U26 0.0038 <0.01 <0.01 0.0005 0.0003 35.82 25.78 0.12 0.0052 0.0041 0.003
U27 0.0180 <0.01 <0.01 0.0004 0.0003 35.39 25.92 0.14 0.0045 0.0049 0.008
U28 0.0036 <0.01 <0.01 0.0003 0.0003 35.12 25.71 0.13 0.0036 0.0043 0.021
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mass-% Cr – 35 mass-% Ni stainless steels
(hereinafter referred to as 25Cr-35Ni
steel) with various amounts of minor and
impurity elements, such as P, S, and La,
were used for the base metal. Table 1
shows the chemical compositions of the
base metals used in this study. The con-
tents of C, Si, and Mn in the extra-high-pu-
rity 25Cr-35Ni steels are greatly reduced
compared to those of other conventional
stainless steels (to refine the impurity ele-
ments, a very small amount of titanium
[Ti] is present).

Experimental Procedures

The hot cracking susceptibility of the
steels was evaluated by the transverse-
Varestraint test as shown in Fig. 1. The
augmented strain was varied between
0.075 and 0.83% (the maximum aug-
mented strain was determined based on
the condition of the crack length being sat-
urated (Ref. 16)). The transverse-welding
(GTAW) condition was as follows: arc cur-
rent, 150 A; arc voltage, 14 V; and welding
speed, 1.67 mm/s. The specimens varied
from 3 to 5 mm thick. The temperature
distribution behind the molten pool in the
weld bead was measured with a thermo-
couple during welding to obtain the crack-

ing temperature
range. The crack
surface occur-
ring in the Vare-
straint test was
observed using a
scanning electron microscope (SEM). The
hot ductility (reduction of area) of the
weld metal was evaluated via the Gleeble
test at 873–1573 K applying a crosshead
speed of 6 mm/s.

The dimensions of the specimen for the
Gleeble test are shown in Fig. 2.

Hot Cracking Susceptibility
Evaluated by Transverse-
Varestraint Test

The characteristic contribution of P
and S on the hot cracking susceptibility
was investigated using extra-high-purity
25Cr-35Ni steels (fully austenitic stainless
steels) in the present study.

Hot Cracking Behavior

An example of hot cracks occurring in
a transverse-Varestraint test of a particu-
lar extra-high-purity 25Cr-35Ni steel is
shown in Fig. 3 (specimen U22, aug-
mented strain 0.83%). Cracks occurring in

the weld metal could be classified into two
types — cracks occurring distant from the
weld interface and those occurring adja-
cent to the weld interface. The mi-
crostructure of the crack surface occurring
adjacent to the weld interface is shown in
Fig. 4. Two characteristic morphologies
were observed in the crack surface,
namely, the crack surface on the high-
temperature side (adjacent to the weld in-
terface) had a dendritic structure with a
trace of melting, while that on the low tem-
perature side (distant from the weld inter-
face) was an intergranular fracture (with-
out melting) together with slip lines. The
morphological features of the crack sur-
face suggest that the former crack could be
regarded as solidification cracking, while
the latter was due to ductility-dip cracking.
In addition, some regions, which have
both morphological features, existed on
one crack surface (called the “transient
zone” (Ref. 4)).

The hot cracking behavior of an extra-
high-purity 25Cr-35Ni steel (specimen
U22) occurring in the transverse-Vare-
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Fig. 3 — Appearance of hot cracks after the transverse-Varestraint test.

Fig. 4 — SEM microstructure of crack and crack surface in weld metal U22 after
transverse-Varestraint testing.

Fig. 5 — Location and temperature range of hot cracking in the weld metal U22.
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straint test is shown in Fig. 5. The location
(distance from the weld interface) and
length of each hot crack as well as the
cracking temperature range are indicated
in the figure. The distance from the weld
interface was converted into temperature
based on the temperature distribution be-
hind the molten pool measured during the
transverse-Varestraint testing. In addition,
the total number of cracks and classifica-
tion of hot cracking are also shown in the
figure. Both solidification and ductility-
dip cracks occurred in every augmented
strain, and the total numbers of cracks and
cracking temperature range increased
with an increase in the augmented stain.

Figure 6 shows the strain-temperature
curves for hot crack generation obtained
from Fig. 5 (specimen U22). In this figure,
the transient zone was approximately di-
vided half into solidification and half into
ductility-dip cracks. The solidification and
ductility-dip cracking temperature ranges
were expanded with an increase in the
augmented strain at the lower strain; how-

ever, they saturated at an augmented
strain of around 0.8%. Accordingly, the
solidification brittle temperature range
(BTR) and ductility-dip temperature
range (DTR) were obtained as the satu-
rated cracking temperature ranges shown
in the figure.

Effects of P and S Contents on
Hot Cracking Susceptibility

The solidification and ductility-dip
cracking susceptibilities of the steels used
were evaluated from the BTR and DTR,
respectively. Figure 7 shows the effects of
P and S contents in steels on the BTR and
DTR. Not only the BTR but also the DTR
increased with an increase in P and S con-
tents. The BTRs of the steels remained at
a sufficiently low level under the present
experimental conditions (the BTRs of
extra-high-purity 25Cr-35Ni steels were
much lower than that of Type 304 stainless
steel, which is negligibly susceptible to so-
lidification cracking). However, their

DTRs exceeded that of Type 310EHP
stainless steel (Ref. 4) when the P and S
contents exceeded approximately 75 ppm.

It should be noted that there would
likely not be a serious problem of ductil-
ity-dip cracking during practical welding
(Ref. 4), just because the DTR level had
slightly exceeded that of Type 310EHP.
Figure 8 shows a regression analysis of the
hot cracking susceptibility (BTR and
DTR) against the P and S contents in the
steel. The DTR of extra-high-purity 25Cr-
35Ni steel could be expressed using the
compositional parameter of P + 1.22S;
namely, S essentially enhanced the ductil-
ity-dip cracking susceptibility approxi-
mately 1.2 times as effectively as P. Fur-
thermore, the amount of P + 1.22S in the
steels should be limited to approximately
90 ppm to obtain a sufficiently low ductil-
ity-dip cracking susceptibility in 25Cr-
35Ni stainless steel welds. Meanwhile, the
BTR of extra-high-purity 25Cr-35Ni steel
could be expressed using the composi-
tional parameter of P + 1.19 S; namely, S
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Fig. 7 — Effects of P and S contents in steel on solidification and ductility-dip crack-
ing susceptibilities.

Fig. 6 — Strain-temperature curves for hot cracking in weld metal
U22.

Fig. 8 — Regression analyses of solidification and ductility-dip crack-
ing susceptibilities as functions of P and S contents.

Fig. 9 — Average hot ductility of weld metals at the ductility-dip temperature range.
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also enhanced the solidification cracking
susceptibility approximately 1.2 times as
effectively as P.

Although the results obtained here are
qualitatively consistent with previous ones
(Refs. 9, 10, 14), they might provide an im-
portant insight into the characteristic and
quantitative contribution of P and S to the
solidification and ductility-dip cracking

susceptibilities by employing extra-high-
purity steels, where the effects of coexist-
ing elements were negligible.

Mechanism of Ductility-Dip
Crack Generation in Extra-High-
Purity Steels

As described previously, the solidifica-

tion cracking susceptibility of extra-high-
purity 25Cr-35Ni steel was at a quite low
level, and accordingly, the authors expect
that the controversial hot cracking in it
would, in fact, involve ductility-dip cracks.
Hereinafter, the authors focus on the duc-
tility-dip cracking, and discuss the mecha-
nism of ductility-dip crack generation in
extra-high-purity 25Cr-35Ni steels.

Evaluation of Hot Ductility in Weld Metal

It has been recognized that the ductil-
ity-dip cracking susceptibility was closely
related to the deformability of materials
at an elevated temperature, and there-
fore, the hot ductility (reduction of area)
of the weld metals was evaluated by the
Gleeble test. Average values of the re-
duction of area for the weld metals within
the ductility-dip cracking temperature
range (from 30 K below the BTR to just
below the BTR itself) are summarized in
Fig. 9. The hot ductility decreased in the
order of U21 > U22 > U23 or U21 ≒ U24
> U25; namely, it decreased with an in-
crease in P and S contents in the steel (in
addition, it has been confirmed that any
fracture surfaces formed an intergranu-
lar fracture). It follows that the ductility-
dip cracking susceptibility would
heighten with a deterioration in the hot
ductility.
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Table 2 — Material Constants Used for Numerical Simulation of Grain Boundary Segregation
Part A — Material Constants and Initial Conditions

Solute Element P S

Initial concentration (ppm) 4, 36, 110 0.76, 32, 92

Liquidus temp. (K) 1705 1705
Nonequilibrium distribution 1.35 × 10–2 1.69 × 10–2

coefficient

Diffusion coefficient in liquid D0 = 4.70 × 10-9 D0 = 4.50 × 10–9

(m2/s), D = D0exp(–Q/RT) Q = 33.6 (kJ/mol) Q = 36 (kJ/mol)

Diffusion coefficient in solid D0 = 8.70 × 10-4 D0 = 7.50 × 10–4

(m2/s), D =D0exp(–Q/RT) Q = 273 (kJ/mol) Q = 236 (kJ/mol)

Diffusion coefficient of vacancy D0 = 1.00 × 10-4 D0 = 1.00 × 10–4

in solid (m2/s), D= D0exp(–Q/kT) Q = 2.49(eV) Q = 250 (eV)

Diffusion coefficient of D0 = 1.70 × 10-5 D0 = 1.40 × 10–5

complexes in solid (m2/s), Q = 1.71 (eV) Q = 2.70 (eV)
D = D0exp(-Q/kT)

Equilibrium concentration of Kv0 = 4.5 Kv0 = 4.5
vacancy, Cv = Kv0exp(–EvF/kT) EvF = 1.47 (eV) EvF = 1.47 (eV)

Eqilibrium concentration of
complexes at solute Kc = 12.0 Kc = 12.0
concentration Cc, EvcF = 0.41 (eV) EvcF = 0.90 (eV)

Cc = KcCVCsexp(–EvcF/kT)

Segregation energy (J/mol) ΔGP
0 = 50500 ΔGS

0 = 75000

Interaction parameter (J/mol) –78300

A B

Fig. 10 — Schematic illustration of analysis mode of microsegregation during welding. A — Segregation during solidification; B — segregation and desegrega-
tion during cooling.

Table 2 — Material Constants Used for 
Numerical Simulation of Grain Boundary 
Segregation. Part B — Analysis Conditions

Analysis Conditions

Dendrite radius (μm) 10.0
Grain boundary width (nm) 1.0

Number of mesh division 100
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Numerical Analysis of Grain Boundary
Segregation in Weld Metal

Analysis Model

To elucidate the deterioration mecha-
nism of the hot ductility of extra-high-
purity 25Cr-35Ni steels, grain boundary
segregation of P and S in the weld metal
was numerically analyzed. The present
analysis model of microsegregation in-
volves segregation during the solidifica-
tion stage (Stage I) and segregation/de-
segregation during the cooling stage
(Stage II) following solidification under
the initial condition of an inhomogeneous
distribution formed by solidification seg-
regation (Ref. 16). To simplify the compu-
tation procedure, the solidification segre-
gation behaviors of P and S to the cell
boundary were calculated for pseudo-bi-
nary systems of (Fe – 25 mass-% Cr – 35
mass-% Ni) – P and (Fe – 25 mass-% Cr –
35 mass-% Ni) – S using the finite differ-
ential method (FDM) scheme. Further-
more, the cosegregation effect of P with S
was considered in the nonequilibrium
grain boundary segregation following so-
lidification segregation using pseudo-
ternary systems of (Fe – 25 mass-% Cr – 35
mass-% Ni) – P – S. The outline of the nu-
merical models used in the present study
is as follows:

1. Solidification Segregation (Stage I)
The distribution of solutes in the solid

phase during the solidification process was
calculated by the nonequilibrium solidifi-
cation segregation theory (Ref. 16). This

employed a one-dimensional diffusion
model in a regular triangle assuming that
the morphology of a dendrite is basically a
hexagonal prism, as shown in Fig. 10A.
Symmetrical boundary conditions were
applied to both end segments. The final
segment of the liquid phase was defined as
the final solidification boundary, the cell
boundary (C.B.). The convection and dif-
fusion in the liquid were ignored, while the
diffusion in solid phase was allowed for
analysis. The cosegregation effect of P
with S was not considered in the solidifi-
cation segregation process.

The diffusive flux Ji from a segment i to
a segment i + 1 is given by Fick’s first law

where D is the diffusion coefficient of
solute, Ci and Ci + 1 are concentrations in
segments i and i + 1, and Δx is a segment
width. The change in solute concentration
ΔCi during a infinitesimal time interval Δt
at a segment i is expressed by

where Si and Si–1 are sectional areas of
segments i and i – 1. In the regular triangle
model as shown in Fig. 10A, Si is expressed
by

where Δxk is the segment width of segment
k. From Equations 2 and 3, ΔCi is given by

J D
C C
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Fig. 11 — Calculated P and S concentrations at grain boundaries during cool-
ing in welding.

Fig. 12 — Relationship between initial contents and grain boundary concen-
trations at 1643 K of P and S.

Fig. 13 — Schematic illustration of the cluster model used for molecular orbital analysis by the DV-Xα
method.
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where Ci
B

+1, Ci
B, and Ci

B
–1 are solute con-

centrations in segments i + 1, i and i – 1 at
the previous Δt (Δt is a time step), respec-
tively. Assuming the mass conservation
law of solute in a dendrite holds, then
Equation 5 becomes

where N is the total number of segments,
C0 is the initial solute concentration, Ci

S is
the solute concentration in solid phase
segment i, Ci

L is the solute concentration
in liquid phase (assuming solute concen-
tration in liquid phase being uniform), and
j is a segment number of solid phase at the
solid/liquid interface.

The solute concentration at the
solid/liquid interface is given by the local
equilibrium concept

where Knes is the nonequilibrium distribu-
tion coefficient between solid and liquid

phases, and Cj
S and CL

j + 1 are solute con-
centrations of solid and liquid phases at
the solid/liquid interface, respectively. The
nonequilibrium distribution coefficient
can be represented by

where Kes is the equilibrium distribution
coefficient, ε is the Peclet number, Rv is
the growth velocity of the dendrite (solid-
ification rate), λ is the interatomic spac-
ing, and DL is the diffusion coefficient of
the solute in a liquid. The solid/liquid in-
terface migrates according to the solidifi-
cation velocity determined by the cooling
rate during solidification; in other words,
the neighbor segment changes from the
liquid to the solid phase.

2. Grain Boundary Cosegregation/De-
segregation after Solidification (Stage II)

The distribution of solutes in the solid
phase during the cooling process was cal-
culated by the nonequilibrium cosegrega-
tion theory proposed by T. Xu (Ref. 17).
According to the nonequilibrium grain
boundary segregation theory, solute ele-
ments, atomic vacancies, and their com-
plexes play roles in segregation, plus the
segregated concentration at a grain
boundary is determined by the diffusion of
solute elements and complexes to a grain
boundary during the segregation process.
Meanwhile, during the desegregation
process, by diffusion of solute elements
into a grain as well as that of atomic va-
cancies to a grain boundary. The solute
distribution present in grain boundary
segregation was calculated based on a
one-dimensional segregation model as
shown in Fig. 10B. The final segment CN
was defined as the grain boundary (G.B.).
The saturated solute concentration at the

grain boundary (equilibrium concentra-
tion) C∞

GB(t) of P and S during cosegre-
gation at a temperature T and time t are
given by

where CB
P and CB

S are the bulk concen-
trations of P and S, G0

P and G0
S are the

segregation energies of P and S, respec-
tively, β is the interaction parameter, and
R is the gas constant. The solute concen-
trations of P and S at grain boundaries at
time t, CN(t) are expressed by
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Fig. 14 — Calculated bond order between Fe atoms at the different grain
boundary segregations of P and S.

Fig. 15 — Effect of the amount of La addition on solidification and ductil-
ity-dip cracking susceptibilities.
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where CN(0) is the initial concentration of
solute, DP and DS are the diffusion coeffi-
cients of P and S in solid, respectively, and d
is the grain boundary width. Consequently,
the FDM scheme gives the change in solute
concentrations of P and S at the grain
boundary ΔCN(t)

where CN
B (t – Δt) is the solute 

concentration at the grain boundary at the
previous Δt.

The grain boundary segregation pro-
ceeds until the solute concentration at the
grain boundary CN attains the equilibrium
concentration at the grain boundary
C∞

GB(t). However, desegregation occurs
when C∞

GB(t) < CN(t –Δt). Desegregation

during the cooling stage was also calcu-
lated based on a one-dimensional diffu-
sion model (see Fig. 10B). During the de-
segregation processes, it was assumed that
solute diffusion also occurred in excess of
the solubility limit of a solute element (i.e.,
supersaturation was permitted).

Analysis Conditions

The cosegregation behavior to the grain
boundary was computed for P and S during
the welding process. The material con-
stants used for the numerical simulation
are summarized in Table 2. The interaction
parameter between P and S (–78.3 kJ/mol)
meant that the interaction was “repulsive
(competitive)” during segregation. In the
present simulation, the cooling rates during
and after solidification were estimated as
300 and 150 K/s, respectively, based on the
thermal cycle measured during actual weld-
ing. Nominal liquidus and solidus temper-
atures (solid-liquid coexistence tempera-
ture range) of the alloy were calculated
using the phase computation software,
Thermo-Calc (database: SSOL-4). The
growth velocity of a dendrite was assumed
to be 1.67 mm/s (identical to the welding
speed). A dendritic cell (10 μm in diame-
ter) was divided into 100 segments. The
FDM calculation of segregation and deseg-
regation was conducted from the liquidus
temperature to the room temperature
through the solidus temperature.

Microsegregation to Grain Boundary during
the Welding Process

A computer simulation of grain
boundary segregation in P and S during

the weld cooling process was carried out
for the weld metals U21–U25. Figure 11
shows the relation between the elapsed
time in the welding thermal cycle and cal-
culated P and S concentrations at grain
boundaries for various initial P and S
contents. During solidification, the P and
S concentrations in the liquid phase in-
creased with the progress of solidifica-
tion, and very high amounts of P and S
were segregated to grain boundaries at
the solidification completion. The P and
S concentrations were rapidly reduced to
their equilibrium concentrations (deseg-
regation) when the weld metal was
cooled down; however, they increased
gradually again at lower temperatures.
The grain boundary concentration of S
during welding was relatively higher than
that of P even when their initial contents
were comparable. This fact suggests that
grain boundary segregation of S would
become more pronounced compared
with P during welding (probably related
to the competition between P and S).

The effect of the initial contents of P
and S in the weld metal on grain boundary
segregation during welding was also inves-
tigated. The P and S concentrations in
grain boundaries at 1643 K, which is the
lower limit of the ductility-dip cracking
temperature range, were computed for
different initial P and S contents. Figure
12 shows the relationships between calcu-
lated P and S concentrations at grain
boundaries and initial P and S contents in
the weld metal. The P and S concentra-
tions at grain boundaries linearly in-
creased with an increase in their initial
contents, and attained values approxi-
mately 40 and 240 times as high as their
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Fig. 16 — X-ray diffraction patterns of extracted residues from La-containing
weld metals.

Fig. 17 — TEM microstructure and electron diffraction pattern of products in
weld metal U28.
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initial contents, respectively. It follows
that P and S are cosegregated to a grain
boundary in the weld metal during weld-
ing, and that their segregated concentra-
tions at grain boundaries are approxi-
mately proportional to their initial
contents.

Grain Boundary Embrittlement Due to
P and S Analyzed by the Molecular
Orbital Method

The binding strength of the grain bound-
ary was numerically analyzed by a molecu-
lar orbital analysis (DV-Xα method (Ref.
18)). Figure 13 schematically illustrates the
cluster model used in the present computa-
tion, the Σ15 coincidence boundary (simu-
lating a high-angle grain boundary) of γ-Fe
consisting of 67 atoms. One or two Fe atoms
on a grain boundary were replaced by P or
S atoms to simulate grain boundary segre-
gation. The binding strength of a grain
boundary was evaluated from the bond
order between intergranular and intragran-
ular Fe atoms in the near neighborhood of
P and S atoms (it is known that the bond
order is linearly correlated with the inter-
atomic bond strength).

The calculated bond orders of the Fe
atom at a grain boundary for different seg-
regation situations are shown in Fig. 14. In
this figure, Fe67 indicates the nonsegre-
gated situation, Fe66X1 and Fe65X2,
Fe65X1Y1 (X, Y = P, S) indicate the seg-
regated situations where one and two in-
tergranular Fe atoms were replaced by an
X and/or Y atom, respectively. Thus,
“Fe65X2” as well as “Fe65X1Y1” means
that grain boundary segregation has pro-
ceeded further compared to “Fe66X1,”
and furthermore “Fe65X1Y1” indicates
the situation of P and S cosegregation.

When P and S were segregated at grain
boundaries, the bond orders of the Fe atoms
were reduced compared to the nonsegre-
gated situation, and the bond orders de-
creased with an increase in the number of
segregated P and S atoms. The bond orders
of the Fe atoms when S was segregated to a
grain boundary were lower than those for P
segregation. However, the fact that the cal-
culated bond order of an Fe atom in
Fe65P1S1 ranked between those in Fe65P2
and Fe65S2 prevented the confirmation of
any discernible effect of cosegregation with
P with S in the present analysis.

Mechanism of Ductility-Dip
Crack Generation

Here the authors discuss the mechanism
of ductility-dip crack generation in extra-
high-purity 25Cr-35Ni steels. A grain
boundary segregation analysis revealed that
P and S (especially S) were segregated to
grain boundaries in the weld metal during
welding. A molecular orbital analysis sug-
gested that there was a possibility that grain

boundary segregation of P and S led to grain
boundary embrittlement at the hot cracking
temperature. A currently acceptable mech-
anism of ductility-dip cracking is attributed
to an imbalance between intergranular
strength and intragranular strength at a
high temperature. Extra-high-purity 25Cr-
35Ni steel maintains a superior intragranu-
lar strength, especially at an elevated tem-
perature, a feature that originates in its high
Cr and Ni content. On the other hand, grain
boundary segregation of P and S leads to the
deterioration of intergranular strength at
higher temperatures during the welding
process. Consequently, grain boundary seg-
regation of P and S brings about the situa-
tion that intergranular strength falls below
intragranular strength, and would accord-
ingly promote grain boundary sliding at
higher temperatures where the cracks are
initiated. Such grain boundary sliding 
initiates a ductility-dip crack at a grain
boundary.

On the other hand, the influence of S
in increasing the ductility-dip cracking
susceptibility was approximately 1.2 times
as large as that of P — Fig. 8. The authors
feel that the numerical analysis results,
which indicate that the influence of S in
promoting grain boundary segregation
and embrittlement is larger than that of P
— Figs. 12 and 14, are supported by this
experimental fact. It follows that the duc-
tility-dip cracking should be greatly inhib-
ited by limiting the presence of S, as well
as P, to very low amounts.

Improvement in Hot Cracking
Susceptibility by La Addition

With the aim of applying this steel to
more severe environments, the authors
tried to further improve the hot cracking
(ductility-dip cracking) susceptibility of
extra-high-purity 25Cr-35Ni steel. From the
fact that a principal cause of ductility-dip
crack generation is probably grain boundary
embrittlement attributed to grain boundary
segregation of impurity elements such as P
and S, the authors investigated the effect of
La addition to the steel. According to a
number of previous studies (Refs. 5, 19–23),
REM such as La and cerium (Ce) possesses
a high affinity for the impurity elements
such as P and S, and has improved the hot
cracking susceptibility of various steels and
alloys. However, severe restrictions were
additionally imposed on the proper additive
amount of the REM. In the present study,
the effect of La addition on the hot crack-
ing susceptibility and optimal amount of La
are investigated for extra-high-purity steels.

Evaluation of Hot Cracking Susceptibility
by Transverse-Varestraint Test

The hot cracking susceptibility of
extra-high-purity 25Cr-35Ni steels with

different amounts of La (U26-U28) added
was evaluated by the transverse-Vare-
straint test. Figure 15 shows the effect of
the amount of La added on the BTR and
DTR of the steels. The DTR was reduced
with an increase in the amount of La and
was nearly saturated with over the ap-
proximately 50 ppm addition of La. In
contrast, the BTR increased monotoni-
cally with an increase in the amount of La
up to levels of more than approximately 80
ppm. Both the BTR and DTR remained at
a low level for La additions between ap-
proximately 20–70 ppm in the present
extra-high-purity 25Cr-35Ni steels con-
taining 6–8 ppm P and S. These results
suggest that the hot cracking susceptibility
could be further improved by adding the
optimal amount of La, even when P and S
were refined to an extremely low level
(extra-high-purity grade) in 25Cr-35Ni
steel.

Microstructural Analysis of La-Containing
Weld Metal

To clarify the mechanism of the im-
provement for the hot cracking suscepti-
bility by La addition, microstructures of
the La-containing weld metals were ana-
lyzed. Microscopic observation revealed
that fine products were formed in the La-
containing weld metals. These fine prod-
ucts were then identified by the extraction
residue method. Figure 16 shows the X-
ray diffraction patterns of extraction
residues from weld metals U26–U28. La
phosphide (LaP2) and La sulfide (LaS2)
were identified in every weld metal. Fur-
thermore, the Ni-La intermetallic com-
pound (Ni5La) was additionally identified
in the weld metal U28 (very–high La
added to the steel) as shown in Fig. 17.

Mechanism of Improvement in
Hot Cracking by the Addition of La

To further investigate the mechanism
by which the hot cracking susceptibility of
extra-high-purity 25Cr-35Ni steel was im-
proved by the addition of La, the hot duc-
tility of the La-containing weld metals was
evaluated by the Gleeble® test. Average
values of the reduction of area of the weld
metals (U26 –U28) within the ductility-dip
temperature range are compared in Fig. 9.
The hot ductility of the La-free weld met-
als was approximately 70%, while that of
the La-containing weld metals attained
values as high as approximately 100%. It
follows that the hot ductility was obviously
improved by the addition of La.

From the fact that La phosphide and
sulfide were formed in the La-containing
weld metals, the microsegregation of P
and S to grain boundaries would be de-
pressed, considering that La is known to
scavenge P and S in the weld metal (Refs.
17, 20). Consequently, it can be deduced
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that the ductility-dip cracking susceptibil-
ity would be improved by the amelioration
of the hot ductility of the weld metal (pro-
moting recovery from grain boundary
weakening). On the other hand, excessive
La addition to the steel leads to the oppo-
site effect of solidification cracking in the
weld metal. Such excessive La addition
also leads to the formation of a Ni-La in-
termetallic compound in the weld metal,
which has a low melting point (about 1543
K for Ni5La/Ni eutectic (Ref. 19)). There-
fore, solidification cracks would occur in
the weld metal at a very high La content as
a result of the enlargement of the BTR
(brittle temperature range between
solidus and liquidus).

Conclusions

In the present report, the hot cracking
behavior of extra-high-purity 25Cr-35Ni
steel was investigated, and quantitative in-
fluences of minor and impurity elements
on the hot cracking susceptibility were
clarified. Furthermore, the effect of La ad-
dition to the steel was investigated to fur-
ther improve the hot cracking susceptibil-
ity of extra-high-purity stainless steels.

The results obtained may be summa-
rized as follows:

1) Cracks occurring in the transverse-
Varestraint test of extra-high-purity 25Cr-
35Ni steels could be classified into solidi-
fication and ductility-dip cracks. The
solidification cracking susceptibility re-
mained at a usefully low level, while the
ductility-dip cracking susceptibility ex-
ceeded that of Type 310EHP stainless
steel when the P and S contents were high.

2) The DTR and BTR of extra-high-
purity 25Cr-35Ni steel could be expressed
by the compositional parameter of P + 1.22
S and P + 1.19 S, respectively. Namely, S es-
sentially enhanced the ductility-dip and so-
lidification cracking susceptibilities approx-
imately 1.2 times as effectively as P.
Furthermore, the amount of P + 1.22 S in
steels should be limited to approximately 90
ppm to obtain a sufficiently low hot crack-
ing susceptibility in 25Cr-35Ni steel welds.

3) A grain boundary segregation analy-
sis revealed that P and S (especially S)
were segregated to grain boundaries in the
weld metal during welding. A molecular
orbital analysis suggested that there was a
possibility that grain boundary segrega-
tion of P and S led to grain boundary em-
brittlement at the hot cracking tempera-
ture. It was deduced that ductility-dip
cracking could be attributed to grain
boundary embrittlement due to grain
boundary segregation of P and S.

4) To further improve the hot cracking
susceptibility of extra-high-purity 25Cr-
35Ni steel, the effect of La addition on the
hot cracking susceptibility was investi-
gated. The solidification and ductility-dip
cracking susceptibilities could be im-
proved by adding 20–70 ppm La to the
steel.

5) The ductility-dip cracking suscepti-
bility decreased as a result of the desegre-
gation of P and S to grain boundaries due
to the scavenging effect of La. On the
other hand, the solidification cracking sus-
ceptibility increased at higher La contents,
a change attributed to the enlargement of
the brittle temperature range between
solidus and liquidus.
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