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Abstract

Why and how sulfur segregation leads to intergranular embrittlement of nickel has been investigated by a combi-
nation of Auger electron spectroscopy, slow-strain-rate tensile tests, ion-implantation, and Rutherford backscattering
spectrometry studies. Grain-boundary sulfur concentrations in dilute Ni-S alloys were systematically varied by time-
controlled annealing of specimens at 625 °C. The critical sulfur concentration for 50% intergranular fracture of
15.5 + 3.4 at.% S was found to be, within experimental error, equal to the critical implant concentration of 14.2 £ 3.3
at.% S required to induce 50% amorphization of single-crystal nickel during S* implantation at liquid nitrogen tem-
perature. This suggests that segregation-induced intergranular embrittlement, like implantation-induced amorphiza-
tion, may be a disorder-induced melting process, albeit one occurring locally at grain boundaries. In addition, a kinetic
model for segregation-induced embrittlement based on Poisson statistics is introduced, and the synergistic effects of

hydrogen—sulfur co-segregation on embrittlement are discussed. © 2002 Published by Elsevier Science B.V.

1. Introduction

Despite a long and continuing effort to understand
sulfur-induced intergranular embrittlement of nickel, the
physics and chemistry underlying the phenomenon are
still not well understood. Auger-electron-spectroscopy
(AES) studies together with various tensile tests [1-5]
show that the embrittlement is clearly associated with
sulfur segregation to grain boundaries and that the
transition from ductile to brittle behavior requires a
critical intergranular concentration of sulfur. However,
why and how sulfur weakens the grain boundaries
and the significance of a critical intergranular sulfur
concentration remain unclear. One widely accepted hy-
pothesis assumes that embrittlement arises from sulfur-
induced changes in the electronic structure that lead to
weakening of the metal-metal bonds in the grain
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boundary [6,7]. This hypothesis, however, does not di-
rectly explain the need for a critical sulfur concentration,
nor does it explain the well-known synergistic effects of
hydrogen in reducing the critical sulfur concentration
required for embrittlement to occur [4,5,8].

An alternate approach to the grain-boundary em-
brittlement problem that leads naturally to a critical
solute concentration for intergranular fracture was re-
cently proposed [9]. This new approach, based on dis-
order-induced melting concepts, is suggested by striking
similarities in both the structure and the chemistry of
solute-segregated grain boundaries and metallic glasses.
Structurally, the atomic configuration of high-energy
grain boundaries can be described in terms of the packing
of several different types of polyhedra [10]; such packing
schemes are very similar to those used to characterize the
atomic disorder in metallic glasses [11]. Chemically,
metal-metalloid glasses typically contain about 15-20
at.% metalloid; these concentrations are very similar to
those found at metalloid-segregated grain boundaries in
corresponding dilute alloys. Moreover, these critical
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metalloid concentrations are also in the same range re-
quired to amorphize metallic single crystals during met-
alloid implantation at low temperatures [12]. Because
ion-implantation-induced amorphization is a disorder-
induced melting process [12], the analogy between solute-
segregated grain boundaries and metallic glasses suggests
the intriguing possibility that the thermodynamics and
kinetics of segregation-induced intergranular fracture
may be similar to those governing implantation-induced
amorphization of metals. Carrying this analogy even
further, it is natural to ask whether current kinetic
models of ion-implantation-induced amorphization can
be applied to segregation-induced intergranular fracture.
These questions, recently explored in a preliminary study
of sulfur-induced embrittlement of nickel [9], are exam-
ined in detail in the present paper.

The thermodynamic basis for regarding segregation-
induced grain-boundary fracture as a disorder-induced
melting process is illustrated in Fig. 1 [12,13], which
shows the free-energy curves of a perfect crystal, two
imperfect defective crystals, and the liquid phase. The
defective crystals may represent any semi-crystalline re-
gion such as those found in ion-implanted single crystals
or solute-segregated grain boundaries. Also shown are
the ideal glass [14] that has the same entropy as a perfect
crystal and two unrelaxed glasses associated with cooling
rates such that their glass transition temperatures obey
the relationship 7, > T > Tk, where Tk is the ideal
glass transition temperature. Fig. 1 implies that melting
can occur in two fundamentally different ways: ordinary
melting and disorder-induced melting. Ordinary melting
occurs when a crystal is heated at constant pressure to its
thermodynamic melting temperature 7°, at which point

m?

its free energy equals that of the liquid. Disorder-induced
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Fig. 1. Thermodynamic basis for disorder-induced melting
concept.

melting, on the other hand, occurs at a fixed temperature
T4 < T° by introducing static atomic disorder such that
the free energy of the resulting defective crystal is raised
directly to the level of the supercooled liquid. This can be
regarded as a non-equilibrium melting process which at
sufficiently low temperatures leads to glass formation
[12]. As the free energy of the defective crystal increases
with the introduction of atomic disorder, its melting
temperature 79 decreases and approaches Tx. At this
point, melting becomes a second-order phase transfor-
mation, and introducing any further disorder would
simply result in a thermodynamic driving force for a
phase transformation. If the damage process occurs at
temperatures where thermally activated diffusion is neg-
ligible (T < Tx), the resulting phase will be a glass. If the
damage process occurs at higher temperatures (7 > Tx),
the resulting phase will be a supercooled liquid. Hence,
the thermodynamic criterion for disorder-induced glass
formation becomes 79 = Tk.

The decrease in melting temperature with increasing
static atomic disorder represents a generalized poly-
morphous melting curve for defective crystals [12]. For
the case where static atomic displacements are produced
solely by misfitting solute atoms, the composition de-
pendence of T becomes equivalent to the conven-
tional Ty curve. This curve is shown superimposed on the
equilibrium phase diagram in Fig. 2 for the Ni-S system.
The dotted T, curve represents the locus of points where
the free energies of the crystalline solid solution and the
binary liquid of the same composition are equal. Since
the 7; curve drops rapidly to 0 K as the sulfur concen-
tration approaches 18 at.% S, this indicates that there is
a thermodynamic driving force for the Ni-18 at.% S
alloy to transform to a glass at temperatures below Tx.
Hence, the critical solute concentration for disorder-
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Fig. 2. Estimated polymorphous melting 7 curve superim-
posed on binary Ni-S phase diagram.
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induced melting below Tk is approximately 18 at.% S.
This is only an estimation, however, because the 7; curve
in the figure is approximated as the midpoint between
the solidus and liquidus curves. While a more accurate
method to determine this critical concentration is by
first-principles thermodynamic calculation, insufficient
data on the properties of the supercooled liquid state
exist to make this possible. However, this concentration
can be measured experimentally by ion implantation.
Ion implantation provides a controllable means of in-
troducing solute atoms into a monatomic metal matrix,
and the critical solute concentration necessary for dis-
order-induced melting can be determined by monitoring
the formation of the amorphous phase during low-
temperature implantation. While ion implantation also
introduces disorder in the form of point defects and
defect clusters, the atomic misfit between unlike atoms
appears to be the primary source of stable atomic dis-
order. This is illustrated by the absence of amorphiza-
tion during self-ion implantation [15]. In addition, the
relation between the critical solute concentration pre-
dicted by the polymorphous melting curve and that re-
quired for solid-state amorphization has been pointed
out in several binary systems [12].

In the present study, the hypothesis that intergranu-
lar embrittlement results from localized disorder-
induced melting at solute-segregated grain boundaries is
investigated. Direct measurements of the critical sulfur
concentration at grain boundaries in nickel necessary to
induce 50% intergranular fracture are compared to the
critical sulfur concentration necessary to induce 50%
amorphization of single-crystal nickel during S* im-
plantation at liquid nitrogen temperatures. As will be
shown, the critical concentrations are equal within ex-
perimental error, which provides strong support for the
melting hypothesis for intergranular fracture.

Table 1

2. Experimental procedure
2.1. Segregation-induced intergranular embrittlement

Intergranular sulfur embrittlement of nickel was in-
vestigated using a dilute Ni-S alloy prepared in an inert
atmosphere by arc-melting premeasured quantities of
high-purity nickel and nickel sulfide at the Materials
Preparation Center at Ames Laboratory. The resulting
button was homogenized at 1100 °C for 1 h prior to
rolling and was subsequently machined into notched
impact (16.5 x 3.1 x 1.5 mm?®) and miniature tensile
(254 x 5.0 x 1.5 mm?®) specimens. A final annealing
treatment at 1100 °C for 10 min was performed to re-
move any damage introduced during fabrication. This
procedure resulted in specimens with a mean grain size of
570 um and a bulk sulfur concentration of 0.0024 at.% as
measured by a chemical combustion analysis. To achieve
even greater solute concentrations, a few specimens were
sulfurized at 1000 °C for 4 h in evacuated quartz tubes
with a small amount of elemental sulfur; this allowed
additional sulfur to diffuse into specimens along the grain
boundaries. The above-mentioned heat treatments were
all terminated by water quenching to maximize the
amount of sulfur trapped in the solid solution. Subse-
quent segregation of sulfur to the grain boundaries was
controlled by heat treatments at 625 °C for times ranging
from 1 to 120 h followed by air cooling. The heat treat-
ment conditions are listed in Table 1.

Grain boundary compositions of the notched speci-
mens, fractured at room temperature, were measured
by Auger electron spectroscopy (AES) under ultrahigh
vacuum (10-7-10-% Pa) in a Physical Electronics Model
660 Scanning Auger Microprobe. Specimens were ca-
thodically charged with hydrogen to provide an inter-
granular fracture surface for analysis in a 1 N H,SO,

List of heat treatment and AES analysis conditions for notched impact specimens

Heat treatments Analysis Relative peak intensities Sulfur concentration,
. - - Cs (at.%)
Slllfurllatlon, Segregatlon, SpOtS Grains IS 152/]]\]1 61 IS 152/[]\“ 848
1000 °C (h) 625°C () Mean S.D. Mean S.D. Mean S.D.
- 0 29 9 0.07 0.04 0.08 0.05 2.79 1.61
- 1 21 6 0.32 0.09 0.27 0.09 11.59 3.56
- 1 39 12 0.23 0.07 0.23 0.06 8.61 2.79
- 2 31 14 0.45 0.14 0.43 0.12 15.57 5.43
— 4 12 5 0.35 0.09 0.35 0.09 12.55 3.56
- 10 85 29 0.37 0.09 0.39 0.12 13.17 3.56
- 16 37 13 0.45 0.10 0.44 0.10 15.57 3.94
- 18 67 18 0.39 0.09 0.41 0.11 13.78 3.56
— 18 95 29 0.41 0.06 0.42 0.10 14.39 2.40
- 120 42 13 0.46 0.15 0.43 0.14 15.86 5.79
4 0 56 18 0.87 0.44 0.78 0.29 27.38 15.28
4 72 71 28 1.04 0.24 0.95 0.23 30.68 9.29
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solution with 200 mg/l NaAsO, added as a hydrogen
recombination poison. The charging was performed at
room temperature for 24 h at a current density of 200
mA/cm?, and charged specimens were stored in liquid
nitrogen until testing to prevent hydrogen loss. Upon
fracture, AES analysis was performed using a 3 kV
electron beam with an incident current of 100 nA on
focused spots with a 1.0 pm diameter. Several such spots
were analyzed from the intergranular facets revealed on
the fracture surface which were subsequently used to
calculate arithmetically an average grain-boundary sul-
fur concentration and its standard deviation for each
specific heat treatment. This averaging procedure al-
lowed variations such as grain boundary structure and
analysis orientation to be accounted for. The number of
spot scans taken from each specimen and the number of
grain boundary facets examined are given in Table 1.

The effect of grain-boundary sulfur on the mechani-
cal properties of the nickel alloy was determined by
tensile testing at a strain rate of approximately 107 s,
Tests were performed at room temperature in a flowing
argon atmosphere to minimize any environmental ef-
fects. At this strain rate, the duration of the tests ranged
from 4 h for the most brittle specimens to 150 h for the
most ductile specimens. Ductility was determined from
reduction in cross-sectional area and elongation at
fracture measurements. Scanning electron microscopy
(SEM) was used to characterize the fracture surfaces,
and the percentage of intergranular fracture was deter-
mined using a relative area method. The maximum
tensile load was measured from the engineering stress—
strain curves, and the modulus of toughness was deter-
mined from the area under these curves.

2.2. Ion implantation

The critical sulfur concentration for polymorphous
melting was determined by Rutherford backscattering
spectrometry (RBS) of nickel specimens implanted with
sulfur ions. Equal fluences of 150 keV S* were implanted
at an average dose rate of 3.4 pA/cm?® into two types of
nickel specimens: 100 nm thick films evaporated onto
MgO substrates and 3 mm thick single crystals purchased
commercially. Care was taken during implantation into
the single crystals to minimize channeling by aligning
specimens at random orientations away from major lat-
tice directions. All specimens were held at liquid nitrogen
temperatures to minimize solute diffusion and precipitate
formation. By necessity, specimens were warmed to
ambient temperature for transfer between the implanta-
tion and analysis chambers. To directly measure the
amount of sulfur introduced into nickel, the implanta-
tion profile was determined from RBS measurements of
the evaporated films, where the film thickness and sub-
strate material were carefully selected to provide unam-
biguous backscattering information from the nickel and

sulfur constituents. To track the formation of the
amorphous phase, the progression of dechanneling along
the [1 10] direction in the single-crystal specimens was
monitored. RBS spectra were acquired both at a [110]-
aligned orientation as well as a random one; the number
of counts acquired at these two orientations was moni-
tored using the total integrated charge measured from
the probing beam. All RBS spectra were collected using
1.5 MeV “He™ ions, and specimens were held at liquid
nitrogen temperatures during collection to minimize
noise from atomic thermal vibrations.

3. Analysis of results
3.1. Segregation-induced intergranular embrittlement

The amount of sulfur that was deposited at grain
boundaries during the segregation treatments at 625 °C
was determined by AES analysis of fracture surfaces
from impact specimens. This analysis consistently re-
vealed the presence of nickel and sulfur on the exposed
grain boundaries of all specimens. In addition, car-
bon from instrumental contamination was observed to
slowly appear on some specimens during analysis, which
was typically completed within 3 h of fracture. No other
elements were detected. For analytical purposes, all AES
spectra were differentiated with respect to energy, and
the resulting peak-to-peak intensities were measured.
The average values of the relative intensities of the sul-
fur-to-nickel signals are reported in Table 1 along with
the observed standard deviation among measurements.
Since there are two nickel transitions that are commonly
used for analysis, the intensity of the 152 eV sulfur peak
is reported relative to both the 61 eV and the 848 eV
nickel peaks.

The atomic sulfur concentrations are calculated from
the relative peak intensities using the sensitivity factor
approach [16] given by the expression

CSB _ Is/Ss ~ Is/Ini . (1)
* 2118 Is/Ini + Ss/Sni
J

Here, C$® is the grain-boundary sulfur concentration, ;
is the peak-to-peak intensity for element j on the fracture
surface, and S, is the sensitivity factor. Since the carbon
signals were consistently small when present, the general
expression can be approximated using only the relative
intensities of the sulfur and nickel peaks as shown.
Therefore, the value of the atomic concentration de-
pends only on the relative intensities and the relative
sensitivities of the sulfur and nickel signals. The relative
sensitivities of the sulfur-to-nickel signals were deter-
mined from analysis of a Ni-42 at.% S standard (std).
They are given by
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std rstd

Ss _ vNi IS
. ystd gstd?
Snio vt I

2

where vj.td represents the atomic concentration of j spe-

cies measured independently by chemical combustion.
The sensitivities obtained from this expression for the
152 eV sulfur peak relative to the 61 and 848 eV nickel
peaks are 2.44 and 3.81, respectively.

The primary difference between these two nickel
signals is the sampling depth that they represent. This
is reflected by the inelastic mean free path, or the escape
depth, of the Auger electrons. The inelastic mean free
paths, whose values depend primarily on electron en-
ergy, are 0.48, 0.51, and 1.32 nm for the 61, 152, and
848 eV signals, respectively [17]. Therefore, use of Is 15,/
Inigr in Eq. (1) reflects a sampling depth of 0.51 nm
while use of /s 155/Ini sas reflects a sampling depth of 1.32
nm. Since the maximum range of sulfur segregation is
0.5 nm on either side of a grain boundary [18-22], use of
Is 152/Ini 61 provides a reasonable measurement of CSGB,
while use of /s 152/Inisas tends to underestimate C$B. A
comparison of the calculated sulfur concentrations
confirms that the values obtained using the 848 eV peak
are about 66% of the values obtained using the 61 eV
peak. One concern, however, in the use of the 61 eV
nickel signal is that it is generally less stable than the 848
eV signal and is more susceptible to low-energy scat-
tering. Such instability, however, was not observed in
this study, and the relative values of sulfur concentra-
tions determined from the two nickel signals (0.66) re-
mained fairly constant among measurements, indicating
the 61 eV peak was just as stable as the 848 eV peak.
Because of these considerations, the sulfur concentra-
tions listed in Table 1 are determined from s 5, /Ini 61 -

The distribution of sulfur on the analysis surface is
shown in Fig. 3 for three non-sulfurized specimens. The
histograms illustrate the range of sulfur concentrations
measured over the complete set of spot scans acquired
from each specimen. The three specimens shown reflect
conditions where sulfur was segregated to grain
boundaries at 625 °C for 0, 1, and 120 h. The histograms
in the figure, which can be approximated by Gaussian
distributions, have mean values and standard deviations
which increase with the annealing time. These segrega-
tion kinetics are explored further in Fig. 4, which shows
the effect of annealing time on CJ® using data from the
complete set of notched AES specimens. The values of
CS® and the length of the error bars reflect the average
values and standard deviations reported in Table 1. The
data from the non-sulfurized specimens indicate that the
initial C$® is 2.79 at.% S, which increases quickly with
segregation time and saturates near 15.86 at.% S. The
data from the sulfurized specimens indicate that sulfu-
rization at 1000 °C increases C$® dramatically from 2.79
to 27.38 at.% S, yet subsequent segregation treatments at
625 °C result in only minor increases in C$® from 27.38

osf @) -
04F :
03F

02F ]

0.1-"
0.0 I[—\-]A I B llllllll'lllIl'lllllll’l‘l'lllll'lll'l:

0.5 (b)

04 F E

Fraction of Total Scans

03F 3
02F ]

A B L B B B L S B I L I B AL B I B L I B L B L B

05F (©) 1
I 1

Fraction of Total Scans

04F e
03F ]

02 F

Fraction of Total Scans

01k

0.0:| mmmlm.hmﬂ.l.n ....... |:|:
0 2 4 6 8 1012 14 16 18 20 22 24

GB Sulfur Concentration (atomic percent)

Fig. 3. Distribution of S among the intergranular facets on the
fracture surfaces of three non-sulfurized specimens annealed at
625 °C for (a) 0 h, (b) 1 h, and (c) 120 h.

to 30.68 at.% S. The kinetics of this process have been
modeled using an equilibrium (Gibbsian) grain-bound-
ary segregation analysis first presented by McLean [23]
which shows how C§® varies with the annealing time .

P - C®(0) . 4Dt 2+/Dt
CSPoc) - C5P(0) P ((ﬁdan)“fC( Bdon )
(3)

Here, D is the diffusivity, dgg is the grain-boundary
width, and f is the ratio of the grain-boundary con-
centration after infinite time to the grain interior con-
centration. The curves shown in Fig. 4 result from fitting
the data to Eq. (3), using D = 1.26 x 10712 cm?/s (at
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Fig. 4. Segregation kinetics of S to grain boundaries in Ni at
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625 °C) [24] and dgg = 0.5 nm. The values of C$8(0) and
CgB(00) are extracted from the fit. For the non-sulfu-
rized data, the values of C§B(0) and C$®(c0) are 6.0 and
18.9 at.% S, respectively, and for the sulfurized data,
CGB(0) and C$B(cc) are 27.4 and 32.0 at.% S, respec-
tively.

The results presented in Fig. 4 indicate that the sul-
furization procedure successfully increases the grain-
boundary sulfur concentration. However, one concern
with implementing this procedure was that it could re-
sult in extensive sulfide formation either within grains or
at grain boundaries. To address this issue, transmission
electron microscope (TEM) specimens were prepared
from sulfurized nickel to examine grain interiors for
sulfide formation, and Auger depth profiles were per-
formed to determine the depth of sulfur segregation at
grain boundaries. The following results were obtained.
The TEM studies revealed no detectable sulfides in the
grain interiors, and the Auger depth profiles indicated a
segregation depth very similar to that for non-sulfurized
specimens. This depth was approximately 0.5 nm and is
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consistent with results reported in the literature [18-22].
Therefore, extensive sulfide formation does not appear
to be an issue in these specimens.

The application of segregation treatments identical to
those described above results in a clear transition from
ductile to brittle behavior on tensile specimens tested at
slow strain rates with increasing segregation time. This is
illustrated in Fig. 5, which shows SEM images of
fracture surfaces from three non-sulfurized specimens
annealed at 625 °C for 0, 1, and 120 h. The AES
measurements reported in Table 1 indicate that the
grain-boundary sulfur concentrations corresponding to
these segregation times are 2.79, 11.59, and 15.86 at.% S,
respectively. As the grain-boundary sulfur concentration
increases, a transition from transgranular ductile tearing
to intergranular brittle fracture is evident. This trend is
quantified using data from the complete set of tensile
specimens, as shown in Fig. 6, where the percentage of
intergranular fracture measured from the SEM images is
plotted as a function of Cg®. The data indicate that the
transition from transgranular to intergranular fracture
occurs for values of C$® between 10 and 16 at.% S.
Similarly, this embrittlement transition is also reflected
in the ductility measurements (reduction in area and
elongation at fracture) and the mechanical property
measurements (maximum tensile load and modulus of
toughness) shown in Fig. 7. The magnitude of each of
these parameters drops within this same range of C$E,
which indicates that the critical sulfur concentration to
induce intergranular embrittlement lies somewhere be-
tween 10 and 16 at.% S.

3.2. Ion implantation

The thermodynamics of polymorphous melting de-
scribed by the 7, curve concept indicate that, at tem-
peratures below Ty, implantation of S* ions into nickel
results in the formation of an amorphous phase when the
To composition (~18 at.% S) is achieved. Initial studies

Fig. 5. Scanning electron micrographs from fracture surfaces of Ni tensile specimens which illustrate the transition from ductile
transgranular to brittle intergranular fracture with increasing grain-boundary S concentrations. The average S concentrations for these

specimens are (a) 2.79 at.% S, (b) 11.59 at.% S, and (c) 15.86 at.% S.
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Fig. 6. Influence of grain-boundary S concentration on the
transition from ductile to brittle fracture as measured by per-
centage intergranular fracture.

by TEM were performed to confirm the formation of this
phase in a nickel specimen implanted to a dose of
6.6 x 10" S*/cm? at liquid nitrogen temperatures. The
results of this examination are shown in Fig. 8, which
contains a series of bright-field images and selected area
diffraction patterns taken across the boundary between
an amorphous region and a damaged crystalline region.
The diffraction pattern from the first image indicates that
diffuse intensity halos typical of the amorphous structure
are present, and the subsequent images indicate that the
first halo falls near the (11 1) reflections of the damaged
nickel. Since this is the position where the first amor-
phous halo typically appears in fcc structures, this indi-
cates that the amorphous phase present is from
disordered nickel and not specimen contamination.

While these results confirm the formation of the
amorphous phase in the nickel-sulfur system, they do
not provide quantitative information on the implanted
sulfur concentration or the amorphous fraction resulting
from the implantation; RBS studies are used to obtain
this information. The sulfur concentration, determined
from a series of 100 nm thick implanted nickel films, is
measured directly from RBS spectra where the energy
scale of the backscattered “He* is calibrated using gold,
silicon, and nickel standards. Implantation depths are
calculated from the energy difference between the lead-
ing and trailing edges measured at half maximum of the
nickel signals from the relation

i= 2L 4
[eo]n

where z is the depth from the surface, AE is the energy

difference, 7 is the atomic density, and [g)] is the surface

energy approximation [25] for the stopping cross-section

factor. Atomic concentrations, determined from the

relative heights of the nickel and sulfur peaks, are cal-
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Fig. 7. Influence of grain-boundary S concentration on the
transition from ductile to brittle fracture in Ni as measured by
(a) reduction in area, (b) elongation at fracture, (¢) maximum
tensile load, and (d) modulus of toughness.

culated from the ratio of sulfur to nickel atoms, ns/nn;,
given as

ns  Hs oni(Eo) [80}15\]i

nni Hwi os(Eo) [g]N

(5)

where H; is the maximum peak height, o;(E,) is the
scattering cross-section at the incident beam energy E,
and [EO]} is the stopping cross-section factor for element j
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Fig. 8. Bright-field TEM micrographs and the associated selected area diffraction patterns from a backpolished Ni specimen implanted
with S to a fluence of 6.6 x 10" S*/cm?. The images were taken across the boundary between a completely amorphous zone and a
damaged crystalline zone where (a) is primarily amorphous, (b) is partially amorphous and partially crystalline, and (c) is primarily
crystalline. Such a transition is due to the increasing thickness from (a) to (b) to (c) which results in a decreasing average S con-

centration in the regions selected for diffraction.

in a matrix of element i. The implanted sulfur concen-
tration, Cg'", can thus be determined from this ratio as
Cimp _ ns/nNi ) (6)
S ng / nni + 1
Since the definitions of atomic concentration given in
Egs. (1) and (6) are self-consistent, determination of C§'™®
and Cg™ from these expressions allows direct compari-
sons to be made.

The depth distributions of sulfur in the 100 nm thick
nickel films are shown by the profiles in Fig. 9 for all
implantation doses. The profiles, fit with Gaussian dis-
tributions, indicate a steadily increasing sulfur concen-
tration with the implantation fluence. For fluences less
than or equal to 1.0 x 10'7 S*/cm?, the profiles have a
peak range of Rp = 70 nm and a standard deviation of
ARp = 42 nm; these values match well those determined
by the computer simulation code TRIM [26], which
predicts profiles with Rp = 70 nm and ARp = 45 nm. For
fluences greater than 1.0 x 10" S*/cm?, however, the
profiles deviate from the prediction of the TRIM code;
measured values of Rp shift toward the specimen surface
due to the sputtering of nickel. This sputtering was
confirmed by monitoring the decrease in thickness from
the nickel signal with increasing dose; the average
sputtering yield is determined to be 1.3 atoms per in-
cident ion. The relation between dose and the im-
plantation concentration is determined by an empirical
calibration of the peak sulfur concentration, Cg" (at.%),
with the implantation fluence, ¢ (S*/cm?); this results in
the following linear expression:

C™ = (9.91 x 1077)¢p 4 2.23, (7)

which is used subsequently to convert the implantation
dose to sulfur concentration.

Approximate Depth (nm)

0 20 40 60 80 100 120 140
?351"'|"'|"'T""r"'|'|"1"'|"
N b —o— 0.0x10" S*/em?
w 30t —e— 0.5x10'7 S*/em? ]
- : —o— 1.0x10"" $"cm?
g 25 —— 12x10S%em? 3
8 F —a— 1.4x10"7 §*/cm?
S 20k —4— 1.6x10'7 S*em? 3
= : 20107 S*em®
8 15p :
N |
&) 10 E 3
E 5F 3
=3 :

m O PR S 1 1

0 2 4 6 8 10 12
Depth (107 atoms / cm?)

Fig. 9. RBS S profiles for several doses implanted into evapo-

rated polycrystalline Ni film. Since the determination of the

depth scale is dependent upon atomic density which also varies

with depth, the depth parameter is given in terms of the prod-
uct nz.

The amorphous fraction, determined from a series of
3 mm thick nickel single crystals implanted with sulfur,
is measured by tracking the “He* ion channeling along
the [110] direction. The normalized channeling yield,
taken as the ratio of RBS spectra acquired along the
channeling direction to spectra acquired along a random
non-channeling direction, is shown in Fig. 10 for each
implantation dose. The formation and growth of the
dechanneling peak at Rp is associated with the formation
and growth of the amorphous phase observed in Fig. 8.
The amorphous fraction is determined from these peaks
by considering that the total normalized backscattering
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Fig. 10. RBS channeling profiles for several doses implanted
into single-crystal Ni. The normalized yield increases with
progressively higher doses with one exception. The normalized
yield for 1.4 x 107 S*/cm? is greater than that for 1.5 x 10'7 S*/
cm? due to the experimental error associated with measuring
the implantation dose.

yield, x. has contributions from both the crystalline
and amorphous phases [15], such that

Atot = (] - O()}CC(OC) + o, (8)

where o is the amorphous fraction and y, is the nor-
malized yield from the crystalline phase. Since back-
scattering from the crystalline phase, like that from the
amorphous phase, is dependent upon o, the functional
form of this dependence must be determined. This
dependence of y. on « is estimated using the linear re-
lation

Ze(@) = 7(0) + alze(1) = %c(0)]. ©)

The value of y.(0) = y.(x =0) is taken as the back-
scattering background for the dose where a peak at
Rp just begins to appear (0.5 x 10'7 S*/cm?), and the
value of y.(1) = y.(« = 1) is taken as the backscattering
background for the dose where the peak at Rp first
reaches the random level (1.4 x 10'7 S*/cm?). The
background level at Rp was determined by linear inter-
polation between the surface yield and the yield at
Rp + ARP

The effect of sulfur implantation on the amorphiza-
tion of nickel is illustrated in Fig. 11. The amorphous
fraction determined from Egs. (8) and (9) is plotted as a
function of the sulfur concentration determined from
Eq. (7). The figure indicates that the transition from the
crystalline to the amorphous state occurs over a range of
sulfur concentrations between 12 and 17 at.% S. Thus,
the sulfur concentration in nickel necessary for poly-
morphous melting at liquid nitrogen temperatures is
between 12 and 17 at.% S.

Fluence (10" S¥cm?)

0.00 0.65 1.45 225 3.04

P~ 100 __' L L AL L B RN D L L
S :
3] : ]
8 60 F .
Ly r ]
v - 4
é 40 — y
E 2f , ]
5 : C™=142+33 at% |

0 . AP RSP DR TP B

0 10 20 30 40
Sulfur Concentration (atomic percent)

Fig. 11. Critical S concentration necessary for amorphization
of Ni by S* ion implantation.

4. Discussion

The results of the fracture and implantation experi-
ments in nickel indicate that the range of sulfur con-
centrations necessary to induce a ductile-to-brittle
transition by solute segregation (10 < CS® <16 at.% S)
overlaps the range of sulfur concentrations necessary to
induce a crystal-to-amorphous transition by solute im-
plantation (12 < C"F < 17 at.% S). Specific values of the
critical sulfur concentrations can be distilled from these
ranges by applying kinetic models to these processes.
Current models for implantation-induced amorphization
[15] are based on the Poisson statistics of amorphous
cluster formation. The chemical and structural simi-
larities between metallic glasses and solute-segregated
grain boundaries suggest that analogous models may be
applied to segregation-induced intergranular fracture.
Recently, such a model has been introduced for inter-
granular embrittlement [9] based on the Poisson statistics
of polymorphous cell formation at grain boundaries.

The model for intergranular embrittlement is based
on two assumptions: (1) local intergranular decohesion
occurs when the sulfur concentration in elementary cells
along the boundary exceeds a threshold value, and (2)
the entire boundary is destabilized by an increasing
number of these critical cells. This model is implemented
by dividing the ideal intergranular fracture surface, the
surface which would form in the case of completely
brittle intergranular fracture, into elementary cells of
volume V' = Adgg, where A is the critical cell area along
the grain boundary. For a given segregation treatment,
the distribution of the number of sulfur atoms per cell,
N, along the fracture surface is described by the Poisson
probability distribution

P(N) = (N)" exp(—N)/N!, (10)
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where N represents the mean of the distribution. The
validity of using Poisson statistics to model sulfur seg-
regation to grain boundaries is illustrated in Fig. 3.
Poisson statistics, which are characterized by distribu-
tions with mean values and standard deviations that
increase over time, accurately portray the trends ob-
served in the sulfur distributions with segregation time.

Since this model is based on the assumption that
fracture occurs when the number of sulfur atoms in a
cell reaches a critical value, N, the percentage of in-
tergranular fracture, %IGF, for any average sulfur
concentration is given by the proportion of cells for
which N > N, i.e.,

= 1 1 N - Ncrit
%IGF = P(N) ~ = +—erf [ ——= ). (11
N;ZNC‘.“ ) 22 ( V2N ) )

When N, is sufficiently large, the percentage of inter-
granular fracture can be estimated with an error func-
tion using the Gaussian approximation to the Poisson
distribution as shown. This is obtained when the original
summation is replaced with integration over the same
range. The experimental data shown in Fig. 6 can be fit
with an equation of this form; before this can be done,
however, N must be related to the atomic concentration
as shown by the expression

crv

Ne—o—
CQs+(1-C)Qn'

(12)

where C is the critical solute concentration and ¥V is the
critical cell volume. The parameters Qg and Qy; are the
atomic volumes of sulfur and nickel calculated from
tabulations of atomic radii [27]. A best fit to the data in
Fig. 6 is obtained by varying the values of C and V,
which influence the position of the transition and the
shape of the curve, respectively. The optimum values
extracted from the fit are C = 15.5 at.% Sand V = 0.177
nm?®. This corresponds to a grain-boundary cell con-
taining approximately 20 nickel atoms and 4 sulfur
atoms. The model fit is shown by the curve superim-
posed on the data in Fig. 6.

Like the model presented above, the current kinetic
models [15] for implantation-induced amorphization are
also based on two assumptions. They are: (1) local
amorphization occurs when the sulfur concentration in
elementary clusters exceeds a threshold value, and (2) the
entire region becomes amorphous by an increasing
number of these critical clusters. When the peak im-
plantation region is divided into elementary clusters
of volume V' = 3m?, where r is the radius of a spherical
region, the distribution of the number of sulfur ions per
cluster can be described using the same Poisson prob-
ability density shown in Eq. (10). Since amorphization
occurs when the number of sulfur atoms in a cluster
reaches N, the amorphous fraction is given by the same

expressions for %IGF in Eqgs. (11) and (12). When the
data in Fig. 11 are fit with this model, the optimum
values of C =14.24+3.3 at.% S and ¥ = 2.360 nm? are
extracted. This corresponds to a spherical cluster con-
taining roughly 220 nickel atoms and 47 sulfur atoms
with a radius of » = 0.77 nm. The curve which best fits
the experimental data is plotted in Fig. 11.

A comparison of the critical concentrations derived
from these two models indicates that the critical con-
centration of 15.5+ 3.4 at.% S necessary to cause in-
tergranular fracture is well within experimental error of
the 14.2+3.3 at.% S required to induce the crystal-
to-amorphous transformation. This is of fundamental
significance for understanding fracture in this system
because it implies that segregation-induced intergranular
fracture, like ion-implantation-induced amorphization,
is a result of disorder-induced melting, albeit one lo-
calized to regions at grain boundaries. The localized
nature of this disorder-induced intergranular fracture is
reflected in a comparison of the cell and cluster volumes
extracted from the fitting procedures. The optimum cell
volume for intergranular fracture (0.177 nm?) is signifi-
cantly less than the optimum cluster volume for im-
plantation-induced amorphization (2.360 nm?). While
the latter volume represents a spherical cluster with a
diameter of 1.54 nm, the former represents a cell of
thickness dgg = 0.5 nm and area 4 = 0.354 nm?; this
can also be approximated as a cubic cell with a side of
0.57 nm or a sphere of diameter 0.70 nm. Regardless of
the shape, however, this cell volume is small enough to
exist within the typical segregation zone at a grain
boundary [18-22]. Thus, the cell volume extracted from
the optimum fit to the experimental data using the ki-
netic model for intergranular embrittlement accurately
reflects the physical interaction volume at grain bound-
aries. It should be noted, however, that the scatter in
the experimental data in Fig. 6 allows for a number of
fits that fall within the acceptable error range yet are
not optimized to the data; this has the implication that
different cell volumes may be obtained by using non-
optimized fits.

While both the critical concentrations for intergran-
ular fracture and implantation-induced amorphization
fall within experimental error of each other, they both
fall short of the 18 at.% sulfur estimated from the
polymorphous melting curve. There are two possible
explanations for this difference. The first is based on the
fact that the Tj curve in Fig. 2 is only an estimation. It
was determined by calculating the midpoint concentra-
tion between the liquidus and solidus curves. Since data
for these curves only exist at temperatures above the
eutectic, extrapolation below the eutectic temperature
was necessary to determine the 7; concentrations at low
temperatures, and this extrapolation could slightly skew
the results. The second explanation for the difference
is based on the thermodynamics of disorder-induced
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melting. As illustrated in Fig. 1, the thermodynamics
implies that any process or condition that raises the free
energy of a defective crystal can contribute to melting.
The analyses presented up to this point have only con-
sidered the free-energy increase caused by misfit sulfur
atoms in nickel. While this is the primary source of
stable atomic disorder in this system, other secondary
sources are also present. For example, inherent grain-
boundary disorder, elastic strain, dislocations, and ir-
radiation-induced defects are all potential sources of
static atomic disorder which may serve to raise the free
energy of the defective crystal. If these additional sour-
ces raise the free energy sufficiently, this would result in
an underestimate of the critical sulfur concentration for
disorder-induced melting.

While the above considerations take into account
primary and secondary sources of atomic disorder which
raise the free energy of solute-segregated grain bound-
aries, they do not directly consider the role of stress in
the fracture process. Stress can be an indirect source of
atomic disorder in that it can generate dislocations and
elastic strain. More importantly, however, the applied
stress provides a physical mechanism for the separation
of specimens embrittled by grain-boundary sulfur seg-
regation. This is necessary since segregation-induced
embrittlement is not expected to occur simultaneously
on all grain boundaries. Rather, the amount of sulfur
differs among grain boundaries due to the relative ori-
entation between grains, as illustrated by the distribu-
tions in Fig. 3. The impact of this variation is that only
grain boundaries with sulfur concentrations greater than
the critical value (15.5 + 3.4 at.%) will be susceptible to
disorder-induced melting. While stress may provide the
additional disorder necessary to raise the free energy of
the remaining grain boundaries, the experimental results
presented here cannot verify this. The results, however,
can illustrate the role of stress in the fracture process. In
specimens identified as primarily brittle, the SEM mi-
crographs in Fig. 5 still reveal regions of ductile tearing
on transgranular fracture surfaces; in addition, these
specimens can still have elongations up to 20%, as il-
lustrated in Fig. 7(c). These observations indicate that
stress is necessary to physically separate regions where
grain-boundary sulfur concentrations are below the
critical value.

The synergistic effects of sulfur and hydrogen co-
segregation on intergranular fracture can be explained
by the accumulation of static atomic disorder. While the
secondary sources of disorder listed above only have a
small effect on the critical sulfur concentration for
polymorphous melting in nickel, the presence of hy-
drogen solute at grain boundaries has a much more
significant effect. This is illustrated in the data from the
straining electrode tests performed by Bruemmer et al.
[5] on dilute nickel-sulfur alloys, which show that the
critical C§® for intergranular fracture drops dramati-
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Fig. 12. The effect of cathodic charging potential on the de-
termination of the critical S concentration for intergranular
fracture. The 0.24 V (SCE) data come from this study, and the
additional data are taken from the straining electrode tests by
Bruemmer et al. [5].

cally as hydrogen solute is cathodically charged into
specimens. These data are plotted in Fig. 12 for charging
potentials of —0.72, —0.56, —0.43, and —0.30 V mea-
sured relative to a saturated calomel reference electrode
(SCE). In addition, the results of the tensile tests per-
formed in this study are also included in the figure; since
these tests were performed in the absence of charging,
the corresponding potential is taken as +0.24 V (SCE),
which is equivalent to 0.00 V relative to a standard
hydrogen reference electrode. To properly compare the
experimental results of the two studies, all values of C$®
have been recalculated from the Is jsy/Inisss relative
peak intensities since these are the only values reported
for the straining electrode experiments. Even though this
results in an underestimate of the sulfur concentration
due to sampling depth considerations, comparisons of
the relative trends in the data can still be made. Data
taken at each charging potential have been fit using the
statistical model for intergranular fracture presented in
Eq. (11).

The fits shown in Fig. 12 illustrate the decrease in the
critical sulfur concentration with an increasingly ca-
thodic hydrogen charging potential. This dependence is
more clearly shown in Fig. 13 where the values of C$®
extracted from the kinetic model for intergranular
fracture are plotted against the cathodic potential. The
data indicate that a first-order linear approximation
provides a reasonable fit. Since the charging potential is
an indirect measure of the grain-boundary hydrogen
concentration, CSB, the data also reflect the relation
between the critical CJ® and the critical CS® necessary to
induce intergranular fracture. While the dependence
between C$® and the cathodic potential is roughly lin-
ear, the dependence between CJ® and CSP is not clear
because the relation between the hydrogen potential and
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Fig. 13. The synergistic effects of S and H co-segregation on
intergranular fracture.

CG® is not known. However, while CS® cannot be de-
termined for all of the data in the figure, it can be esti-
mated for two cases. Hydrogen embrittlement studies of
nickel based on a diffusion analysis [28,29] indicate that
CG® ~8 at.% H when sulfur is not present at grain
boundaries (C® =0 at.% S). Similarly, the sulfur
embrittlement studies performed here based on ex-
perimental measurement indicate that C$® ~ 16 at.% S
when hydrogen is not present at grain boundaries
(CS® =0 at.% H). Therefore, the correlation between
the charging potential and CS® is shown on the upper
abscissa in Fig. 13 for these two points. While this re-
veals the range of hydrogen concentrations that influ-
ences intergranular embrittlement, it does not reveal the
functional form of the dependence.

The synergistic effects of sulfur and hydrogen co-
segregation on intergranular fracture can be described in
terms of polymorphous melting by extending the Tp
curve concept into three dimensions. This is illustrated
in Fig. 14(a), where a polymorphous melting surface is
shown in the three-dimensional space defined by the Cs,
Cy, and T axes. It is constructed from the lines of in-
tersection on the three primary planes; these are deter-
mined from the Ni-S 7 curve in Fig. 2 for the T-Cs
plane, the Ni-H Tj curve for the 7-Cy plane, and the
curve in Fig. 13 for the Cs—Cy plane. In addition, the
experimental data from Fig. 13 are superimposed on
the polymorphous melting surface in a plane parallel to
the Cs—Cy plane at the appropriate experimental temper-
ature (298 K). Unlike the fit in Fig. 13, the line that runs
through these data is generalized as a gentle curve since
the functional form between Cs and Cy is not known.
The region that lies within the volume defined by this
surface and the three main planes is one of crystal sta-
bility. The regions that lie outside of this volume, on the
other hand, are ones where the crystal state is unstable
relative to the liquid or glass; at temperatures above T,
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Fig. 14. (a) A semi-quantitative polymorphous melting surface
for intergranular fracture in Ni based on the interactions of S
and H at grain boundaries. (b) A projection of the polymor-
phous melting surface onto the 7-Cs plane illustrating how the
addition of H decreases the critical S concentration for poly-
morphous melting in Ni.

this instability is relative to the supercooled liquid, and
at temperatures below 7, this instability is relative to
the glass. The effect of hydrogen on the critical sulfur
concentration for intergranular fracture is illustrated by
the dashed line that falls along the polymorphous
melting surface. Projection of this line onto the 7-Cs
plane is shown as the dotted line in the figure. Projection
of similar lines that fall along the polymorphous melt-
ing surface results in a series of Ni-S 7}, curves shown in
Fig. 14(b), which indicate progressively lower critical
sulfur concentrations for polymorphous melting with
increasing hydrogen. Projection of the same curves onto
the T-Cy plane results in a similar series of Ni-H 7,
curves that predict progressively lower hydrogen con-
centrations for polymorphous melting with increasing
sulfur.
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5. Conclusion

In conclusion, studies of the effect of sulfur segrega-
tion to grain boundaries on the fracture of nickel indicate
that a critical concentration of 15.5 + 3.4 at.% S exists
for intergranular embrittlement. In addition, studies of
sulfur implantation into nickel reveal that a similar
critical concentration of 14.2 + 3.3 at.% S exists to drive
the crystal-to-amorphous transformation. A comparison
of these values indicates that they are equivalent within
experimental error. Since implantation-induced amor-
phization is a disorder-induced melting process driven by
the accumulation of static atomic disorder from misfit-
ting solute atoms, it is suggested that the same is true for
solute-induced intergranular embrittlement, albeit it is
one restricted to localized grain interfaces. The localized
nature of this melting is suggested by the small calculated
interaction volume for intergranular fracture (0.177 nm?)
in comparison to the large calculated interaction volume
for implantation-induced amorphization (2.360 nm?).
These values were extracted from optimum fits to the
experimental data using kinetic models based on Poisson
statistics. Finally, the synergistic interaction of sulfur and
hydrogen solutes on intergranular fracture in nickel was
examined by introducing a semi-quantitative polymor-
phous melting surface.
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