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Abstract—Zinc penetration along a 38100} tilt prain boundary was studied in an Fe-10 at.% Si alloy.
For the entire temperature range studied (700-840°C) the grain boundaries are wetted by the melt.
A region of accelerated grain boundary diffusion is observed in the single-phase region of the
(Fe-10at.% Si)-Zn diagram below the critical temperature 7., = 790 + 5°C. At a concentration Cy the
product of the segregation factor, the thickness and the diffusion coefficient of the grain boundary, 56D,
abruptly falls to a “normal™ value. Above T, no discontinuities in séD, are observed. A singularity is
observed in the €, (T) curve at the peritectic temperature T, . The data obtained confirm the previously
proposed model of a grain boundary premelting transition. This model explains in particular, why there
are no singularities in the C,(T) curve of the alloy studied below T - This feature distinguishes the
Fe—10 at.% Si alloy from the previously studied Fe-Si alloys containing 5, 6 and 12at.% Si, which
undergo a bulk magnetic or concentrational ordering transition.

Résumé—On a €tudié la pénétration du zink aux joint des grains de la pente 38°(100> dans le bicrystall
dalliage Fe-10at.% Si 4 lintervalle des températures de 700 a 840°C. Dans la toute intervalle des
températures étudié a lieu la humectation des joints des grains avec I'alliage fondu. Dans le domaine
homophase de diagramme de phase (Fe~10at.% Si}-Zn & T < 7, (T,, =790 + 5°C) la region de la
diffusion intergranulaire anomalement rapide se trouve plus profondement que couche intergranulaire
humectée. A la certaine concentration C,, le produit de coefficient de segregation s, de grosseur du joint
o et de coefficient de diffusion intergranulaire D, se varie par le saut. A C < C,, se trouve la région
de diffusion intergranulaire “normale™. La ligne C,(T) sur la diagramme de phase se termine a
T, =790 + 5°C. A la température peritectique T sur la ligne Cy, (7)) une saillie a lieu. Tout 'ensemble
des donnés observés on peut expliquer par la modéle thermodinamique sur la transformation du phase
de la préfusion aux joints des grains. Cette modéle explique en particulier parquoid T < T, la igne C, (T)
dans Talliage etudié n’a pas aucune singularités analogue de celles-méme 4 l'alliages Fe-5at.% Si,
Fe-6at.% Siet Fe-12 at.% $i, ou les transformations de phase de la mise en ordre magnétique et chimique

ett volume ont lieu.

Zusammenfassung—Es wurde das Eindringen von Zn in eine 38°¢100)-Kippkorngrenze ecines
Fe-10 At.% Si-Zweikristalls untersucht. Im untersuchten Temperaturbereich von 700 bis 840°C wurde
die Benetzung der Korngrenze durch die Schmelze beobachtet. Im einphasigen Bereich des Zustands-
diagramms (Fe-10 At.% Si)-Zn wurde bei T < T, (7., = 790 + 5°C) an der Korngrenze ein Abschnitt
beschieunigter Diffusion beobachtet. Bei der Konzentration C,(7) Fillt das Produkt aus dem
Segregationsfaktor s, der Korngrenzendicke § und dem Korngrenzendiffusionskoeffizienten D, sprunghaft
auf eine “normale” GréBe ab.Bei T > T, gibt es keine sprunghafte Anderung von séD,. Bei der
peritektischen Temperatur T, weist der C, (T)-Verlauf eine Besonderheit auf. Alle beobachteten
Erscheinungen bestitigen die frither vorgeschlagene Hypothese liber einen Korngrenzenphaseniibergang
des Vorschmelzens. Diese Hypothese erklirt z.B., warum bei der untersuchten Legierung fiir 7 < T, der
Cy (T)-Vorlauf keine Besonderheiten aufweist. Damit unterscheidet sich diese Legierung von den fP:i.iher
untersuchten Fe-Si-Legierungen mit 5, 6 und 12 At.% Si, wo entweder ein magnetischer oder chemischer
Ordnungsiibergan im Volumen des Kristalls auftritt.

1. INTRODUCTION

In their previous works the authors studied zinc
penetration along [100} tilt grain boundaries in
bicrystals of the following body-centered cubic
(b.cc.) alloys: Fe-5at.% Si [1], Fe-6at.%Si [2]
and Fe-12at.% Si [3]. The Fe-5at.% Si and
Fe-6at.% Si alloys undergo a magnetic ordering
at ~730°C. Here the x phase is transformed from
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a paramagnetic state into a ferromagnetic one [4, 5].
The Fe-12at.% Si alloy undergoes a ‘“chemical”
ordering instead of a magnetic one. The high-
temperature disordered b.c.c. A2 phase is trans-
formed into an ordered B2 phase at 800°C [4, 5].

It was shown [3] that a wetting transition occurs at
Ty =794 + 4°C during zinc penetration along grain
boundaries. This means that the contact angle 0
at the site of grain boundary intersection with the
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sample surface covered with a zinc layer has a
non-zero value below the wetting temperature T,
fFig. 1(a)]. At T = Ty, the contact angle (0 decrcases
from 180°C to zero rapidly, its value being zero at
T > Ty [Fig. 1(b)]. A similar wetting transition has
previously been observed in other systems, namely,
Zn-S8n [6, 7], AI-Zn [8-10], AI-Pb [8] and Ag-Pb [11].
For the Fe-5at.% Si alloy the contact angle 0 is
equal to zero over the whole temperature range
(650-950°C) studied [1]; however, when the pressure
is raised [2], wetting disappears at Py = 0.5 GPa.
Above Py, the contact angle 8 is non-zero. As was
shown in [12], the wetting pressure Py, depends on
temperature. In the experiments described in [1-3, 12]
the thickness of the zinc layer applied to the surface
was selected in such a way that the wetting interlayer
penetrated along the grain boundaries to a depth of
f =50-200 um from the surface [sce Fig. 1(b)]. By
studying the zinc distribution in a sample below this
interlayer, one can determine the diffusion character-
istics of the grain boundaries. Figure 1(c) schemati-
cally shows the zinc distribution in a bicrystal after a
diffusion anncal. Here, C, is the zinc solubility limit
in an Fe-Si alloy at the annealing temperature, C, is
determined by the solidus line above the peritectic
temperature 7, and by the solvus line below it.

It was found that there exists a region on the
grain boundary (directly below the wetting interlayer)
in which the rate of zinc diffusion is two orders of
magnitude higher than usual. Zinc concentrations for
which such a permeability increase is observed range
from C, to C,. At the concentration C,, the value
of the grain boundary diffusivity, séD,, abruptly
decreases (here s is the grain boundary segregation
factor, 6 is the grain boundary diffusional thickness
and D, is the grain boundary diffusion coefficient).
Below C,, the values of s6D, are close to those
characteristic for grain boundaries in iron and its
alloys [13]. The depth of zinc penctration in the
concentration range from C, to C,, was shown to be
proportional to 1'%, ¢ being the annealing time [1].
This means that, although zinc penetrates with a
rate two orders of magnitude greater than normal at
concentrations below C,, the diffusional process is
still similar to that occurring at concentrations below
Cy. It was also found that the concentration C,,,
at which the abrupt change of s6D, occurs, depends
strongly on the anncaling temperature.

The temperature dependence of the concentrations
Cy, is presented in Fig. 5(c) and (¢) along with solidus
and solvus lines C,(T). In the Fe-5 at.% Si alloy the
discontinuity in sD, at concentration C,,, as well as
wetting, is observed over the whole temperature
range (650-950°C) studied [Fig. 5(c)] {1]. When the
pressure exceeds Py, the region of rapid diffusion
disappears simultaneously with grain boundary
wetting [2]. In the Fe-12at.% Si alloy the region of
rapid grain boundary diffusion disappears at T < T,
(Tw =749 £ 4°C) also simultaneously with wetting
[Fig. 5(e)]. In contrast to the (Fe-5at.% Si)-Zn
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Fig. 1. (a) The contact angle 6 at the site of the grain

boundary (GB) intersection with the zinc covered sample

surface for 7' < Ty, and 6 =0. (b) The same as (a), but for

T>Ty and 6 =0. (c) Schematic diagram showing zinc

concentration isotherms in an Fe-10 at.% Si bicrystal after
anneal.

alloys the C,(T) line for the (Fe—12at.% Si)-Zn
alloys is bounded by a critical point at tempera-
ture T, =801 + 2°C. Above T, the abrupt change
of grain boundary diffusion coefficient gradually
becomes “diffuse”. At temperatures above ~ 870°C
the diffusion profiles do not contain a region of rapid
diffusion at all.

There exists a number of theoretical works in
which the phase transitions on interfaces accompany-
ing wetting are predicted [14-16). Such transitions
include premelting, prewetting, layering, etc. They
arc rclated to the formation of a thermodynamically
stable thin liquid (quasi-liquid) interlayer on inter-
faces. In the system Fe-Si-Zn an abrupt change in
the properties of grain boundaries occurs at con-
centration Cy. It is assumed to be a premelting
transition. In this case the increase of s6D, may be
explained by the formation of a quasi-liquid inter-
layer on the grain boundary, for which the diffusional
thickness of the interface & is increased by approxi-
mately a factor of 100. All of the necessary conditions
for a premelting transition to occur are satisfied by
the system. These are (1) a high positive value of
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the enthaipy of mixing of the solution components,
(2) a wetting of grain boundaries in the two-phase
region *‘solid-melt™, and (3) the fact that the phenom-
ena mentioned are observed on grain boundaries of
the component having the higher melting tempera-
ture (iron). Therefore, it is quite reasonable to say
that a premelting transition is observed on grain
boundaries.

The temperature dependence of C,(T) presented
in Fig. 5(c) and (e) contain singularities of the
following three different types:

1. At temperatures close to bulk ordering (mag-
netic [1] and concentrational [3]), the lines Co(T)
have protuberances directed towards lower concen-
trations.

2. Ordering leads to the disappearance of the
region of rapid grain boundary diffusion. At tempera-
tures below the Curic point, the Cy,(7) line nearly
merges with the C; line. At temperatures below the
A2-B2 ordering point the region of rapid grain
boundary diffusion disappears simultaneously with
wetting.

3. At T=T,, the zinc solubility C, in the
Fe-5at.% Si alloy increases abruptly, while Cy,
decrcases nearly to zero. [In the Fe-10 at.% Si alloy
the zinc solubility C, changes slightly with tempera-
ture near T, and the C, (7)) line singularity in the
vicinity of T, is nearly undistinguishable.]

The hypothesis of a grain boundary premelting
transition at the concentration C,, provides a basis
for interpreting all of the variations observed for
Co(T). The aim of the present paper was to find
experimental answers to the following questions:

I. Is it true that the protuberances directed
towards lower concentrations on the C, (7)) curves
are caused by bulk magnetic or concentration
ordering?

2. Is it true that bulk ordering “suppresses” the
grain boundary premelting transition and leads to the
disappearance of the region of rapid grain boundary
diffusion?

3. Is it true that C,, increases as C, decreases and
vice versa for the disordered phase?

2. EXPERIMENTAL

The above questions can be answered by investi-
gation of zinc¢ grain boundary penetration into an
Fe-10 at.% Si alloy. Above 700°C this alloy does not
undergo cither magnetic or concentrational ordering,
which arc assumed [1, 3] to cause the appearance of
the discontinuity in the C,,(7) line. At the same time
the alloy can be expected to exhibit stronger changes
in C, in the vicinity of T,,, than those exhibited by the
Fe-12 at.% Si alloy [4, 5]; see also Fig. 5(a) and (b).
To demonstrate this, an Fe-10 at.% Si bicrystal hav-
ing a 38°(100) tilt grain boundary (where the
tilt angle is measured betwcen {100} planes) and a
diameter of 10 mm was grown by the electron beam
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zone melting method. The silicon concentration at
various locations in the bicrystal ranged from 9.9 to
10.1 at.%. Samples 6-10mm long and 1.5mm x
1.5mm in cross-section were cut from the bicrystal
by spark erosion in such a way that the grain
boundary was located in the middle of the sample,
perpendicular to its length. A zinc layer was applied
to the samples by immersion in a Zn melt. Before
immersion the samples were mechanically ground
and chemically polished in a solution consisting of
80% H,0,, 14% H,0 and 6% HF (by volume). After
application of zinc the applied zinc layer was com-
pletely removed from two oppositc sides of the
samples. From the other two sides, the excess of zinc
was partially removed so that only a 100-150 um
thick layer remained.

The samples prepared as described above were
sealed in evacuated silica ampoulcs and annealed in
a furnace in the temperature range 700-840°C with
the temperature being maintained within +0.5°C.
After annealing, the samples were embedded in a
holder using Wood’s metal and then mechanically
ground and polished. The polished surface of the
samples were etched for 10-15s to reveal the grain
boundaries. The site of grain boundary intersection
with the sample surface was marked with Vickers
microhardness indentations, after which the sample
was mechanically repolished in such a way that the
traces of chemical etching were removed, but the
microhardness indentations remained. The zinc con-
centration profiles across the boundary were then
determined by means of electron microprobe analysis
[see Fig. 1(c)]. The Zn and Si concentrations were
determined from the intensities of the characteristic
X-rays from Zn and Si with the necessary corrections
assoctated with the standard methods of quantitative
electron probe microanalysis being made [t7].

In order to determine bulk zinc solubilities C, the
zinc concentration profiles in the bulk diffusion layers
far from the grain boundary and perpendicular to
the sample surface were determined [Fig. 1{c)]. The
concentration C,, was determined from lateral con-
centration profiles measured parallel (0 the sample
surface to which the zinc had been applied [Fig. 1(b)].
In previous studies the bulk and grain boundary
diffusion profiles were measured continuously, that
is, the sample was moved continuously under the
electron beam. In the present work the measurements
were performed using JEOL-6400 instrument, in
which the sample could be positioned with an accu-
racy of 1 um and the concentration profile could be
determined using a point-by-point method. In order
to determine precisely the coordinates of the grain
boundary or the diffusion zone border, concentration
profiles were first determincd by meauring zinc
contents at 5-10 um intervals using a short counting
time at each point. Later, the area of interest was
scanned with 1 um steps and longer counting times.
In addition to the intensity of the Zn-K, and Si-K,
X-ray lines the microprobe current and background
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to the left and right of the lines were measured.
The concentration profiles measured on a cross-
section, perpendicular to the grain boundary plane
[see Fig. 1(c)], are symmetrical about the grain
boundary plane reaching a maximum of C, on the
boundary. The distance between diffusion profiles
along the grain boundary was usually 2-5 mm.

3. RESULTS AND DISCUSSION

Figure 2 shows the dependences of the concen-
trations C,, upon depth y plotted in so-called Fisher’s
coordinates (log C, vs y). If Fisher’s model [18] is
valid, the slope of a diffusion profile in these coordi-
nates is proportional to the grain boundary diffusivity
s0D,. Each of the first five diffusion profiles C,(y)
contain two distinct linear regions. They intersect at
concentration C,,. In the concentration range from
C, to Cy, the slope of the lines is small (large séD,).
At concentration C,,, the profiles have a knee. The
region with large slope (small sdD,) corresponds to
C < Cy. At T > 790°C, the knee on C,,(T) curves
becomes diffuse. However, some vestiges of the high
and low slope regions on the C,(y) curves are
preserved at T > 7 in the temperature interval about
50-70°C. At the highest temperature interval studied
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the diffusion profiles C,(y) contain only the large
slope region.

Figure 3 presents the (Fe-10at.% Si)-Zn phase
diagram. The plot contains two lines, the zinc
bulk solubility limit C,(7) and the C,(T) line.
C(T) is a solidus line at T > T,,,, while at T < T,
it is a solvus line [see Fig. 4(d)]. C.(T) contains
a characteristic singularity at T =T, . At this
point C, reaches its maximum, while the C, (T)
line reaches its minimum at the same temperature.
Above T =790°C the C,, line comes to an end,
because the sharp iransition of the slope on the
C,(y) profiles disappears. At temperatures below 7,
the C,, curves do not contain any singularities
down to 7 = 700°C. On the whole the curves C(T)
and C,,(T) seem to be inverted with respect to each
other, that i1s C,, decreases as C| increases and vice
versa.

The grain boundary wetting phenomena can be
described using the equation for the wetting layer
excess energy Q [14, 15]

Q=200+ Ag + V(). (H

Here, o is the surface energy of the “crystal-wetting
phase” interface, / is the thickness of a wetting layer,
Ag is the excess free energy of the wetting layer, and
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Fig. 2. The dependencies of grain boundary Zn concentration C, upon depth y for various temperatures.
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V(/) 1s the free energy of interaction of the “crystal-
wetting phase™ interfaces.

A grain boundary is replaced by a wetting inter-
layer, if the grain boundary surface tension Ogn 18
no less than the free energy of a wetting interlayer,
ie. if

o > L 2)

Figure 4 shows a hypothetical phase diagram with
a miscibility gap, a horizontal line for a wetting
transition at T, in the two-phase region, and a line for
a premelting transition in the single-phase region.
Also, the dependences of a5, and Q on / are sketched
in this figure. If the alloy composition is changed
from the left to the right side of the phase diagram,
Ag will decrease and ultimately approach zero at
the boundary of the single-phase region for constant
T greater than T, [see Fig. 4(e)]. The equilibrium
thickness of the wetting interlayer at a grain bound-
ary is determined by the minimum of the Q function.
If Q> 654, no interlayers are observed at the grain
boundary [Fig. 4(a)]. When Q = o, the Q) curve
contacts the o¢p line at a point /, [Fig. 4(b)]. Here,
a premelting transition occurs, and a layer of the
wetting phase of thickness /, is formed at a grain
boundary. Further, as Ag— 0, I, increases. At the
boundary of the single-phase region C = C, and the
excess energy of the wetting phase Ag approaches
zero, while /; goes into infinity. This means complete
wetting.

Complete wetting can be observed only if the
following two conditions are satisfied: (1) 204 +
V(ec) <age and (2) V(/) has a global minimum at
the point /(c0). The second condition means that

T,°C
900 ics
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800 Cb:_;‘ %lz
A
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I
7001 /*/ %*
- S—T

Cat%Zn

Fig. 3. The (Fe--10at.% 8i)-Zn phase diagram showing
the solubility limit C,(7T) (solidus and solvus) and grain
boundary transition line C,, (7).
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Fig. 4. The dependencies of the wetting layer excess energy Q
on its thickness /. oo is the surface energy of the “crystal-
wetting phase” interface, /is the thickness of a wetting layer,
Ag is excess free energy of the wetting layer, V(I) is the free
energy of interaction of the “crystal-wetting phase” inter-
faces, and oy is a grain boundary surface tension. The sum
of the hyperbola V(/), straight line /Ag, and 20 gives Q.
(a—d) Ag gradually decreases in going from (a) to (d). (e)
Schematic diagram of a hypothetical phase diagram of A
and B with a miscibility gap showing a boundary line
between the wetting and prewetting regimes. The points a—d
correspond to Fig. 4(a)—(d).

“crystal-wetting phase” interfaces must repel each
other.

Let V have a power law dependence on /. Then
Vily=w/ji. 3)

If the grain boundary concentration C, equals the
bulk solubility limit C,, ie. the point of interest
belongs to either the solvus or solidus line, then
Ag = 0. Expanding Ag into a power series in terms of
(€, — Cy) for small deviations of C, and truncating
the series after the first term, one obtains

Ag =b(C, - C,). O]

The Q function, derived from equations (1), (3) and
(4), reaches its minimum Q(/,) at

o =[b(C; = Cy)/nw] =0+, (5
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Thus,
Q(ln) = Q() = 2GCF + (I'IW)U("* 1)

x b(C,— CY""* (1 +n""). (6)

When the condition €, =0, is met, a premelting
transition occurs. In this transition the grain bound-
ary is replaced by an interlayer of a zinc-enriched
phase. From this condition we obtain

(0gn — 20 Yo s b

C,=C,— .
bt s b(wn) (1 +n—1)(n+l)/n

D
Equation (7) relates the premelting transition con-
centration C, to the solubility limit C,. However,

ogr and o¢p also depend upon the concentration C.

5 1012%
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Therefore, experimental observations cannot be
interpreted in a straightforward way using equa-
tion (7). Indirectly, the validity of this equation is
confirmed by the following facts. In the Fe-Zn
system (see Fig. 5(b) and [4, 5]) the peritectic line
nearly passes through the tip of the miscibility gap.
It is known that 6. —0 as the tip of the gap is
approached. According to equation (7) this must lead
to a decrease in Cy,. This very behavior of the C,,(T)
line was observed in [1]. Comparing the shapes of the
C,(T) lines in Fig. 5(b) to (c) we see that the higher
the silicon content, the smaller the change in C, near
T,..- Accordingly, the shape of the C, (T) line is
changed. While C,, in the (Fe-35 at.% Si)-Zn system
falls nearly to zero as T—T,,, this decrease of C,,
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Fig. 5. (a) Fe-rich end of the Fe—Si phase diagram [5]. (b) Fe-rich end of the Fe~Zn phase diagram [5].

(¢) (Fe 5at.% Si)-Zn phase diagram. (d) (Fe—10at.% Si)-Zn phase diagram. (¢) (Fe-12at.% Si)- Zn

phase diagram. The dotted lines on the diagrams (c)—(e) are C,,(7T) lines for the grain boundary premelting
phase transition.
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is small in the (Fe-10at.% Si)-Zn system. Finally,
no decrease in Cy, at T =T, is observed for the
(Fe-12at.% Si)-Zn system. The increase in C,,
near 7T, is also very small. Thus, equation (7)
satisfactorily describes in a qualitative way changes
in the shapes of C(T) and C,(T) lines caused by
an increase in the silicon content in the (Fe-Si)-Zn
system.

At temperatures far from T, in the
(Fe-10at.% Si)-Zn system €, and C, change
smoothly. This, again, is in agreement with equation
(7). This is distinctive for the Fe-10 at.% Si alloy as
compared to the Fe-5at.% Si and Fe-12 at.% Si
alloys, for which magnetic and concentrational order-
ing are observed. In these alloys, F(/) is no longer
described by equation (3). As was shown previously
[1, 3], below the ordering (magnetic [1] or concentra-
tional [3]) temperature there appears to be an attrac-
tion between the “halves” of the bicrystal separated
by a layer of thickness /,. If the attraction between
“crystal-wetting phase” interfaces is strong enough,
the function V(/) will no longer have a global mini-
mum at / — /(c0). This may lead to a decrease in the
concentration range of existence of the premelted
phase on a grain boundary [as observed for the
(Fe-5at.% Si)-Zn system [1], Fig. 5(c)], or even
a transition from complete to incomplete wetting of
grain boundaries may occur [as observed for the
(Fe-12 at.% Si)-Zn system [3], Fig. 5(¢)). Such a
type of system behavior is not described by the
approximate equation (7).

Comparing Figs 5(c), (d) and (e) it can be seen that
the disappearance of grain boundary premelting and
prewetting in the systems (Fe-5at.% Si)-Zn and
(Fe-12 at. 8i)-Zn is really caused by the bulk order-
ing. The only difference between the Fe—10 at.% Si
alloy and the Fe-5at.% Si and Fe-12 at.% Si alloys
is the absence of an ordering transition in the tem-
perature range from 700 to 800°C. It can also be
seen that grain boundary premelting and wetting
transitions really do not disappear with temperature
decrease in the Fe-10at.% Si alloy.

4. CONCLUSIONS

From the results of our experimental study we can
conclude the following.

1. Grain boundary wetting by a zinc-based melt
during zinc penetration of 38°¢100) tilt boundaries in
an Fe-10at.% Si alloy is observed over the entire
temperature range (700-840°C) studied.

2. In the range from the lowest temperature
studied (700°C) up to T, =790+ 5°C a region of
accelerated diffusion is observed on grain boundaries
in the concentration range from C; (bulk solubility
lmit for zinc) to C,. At concentration C,, the rate
of zinc grain boundary diffusion abruptly decreases
to typical values for grain boundary diffusion in
iron. At C,, a knee is obscrved in curves of grain
boundary zinc penetration. We explain the existence
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of a region of rapid grain boundary diffusion in terms
of a premelting transition and the formation of a thin
equilibrium layer of a liquid or quasi-liquid phase.

3. The above mentioned knee disappears at
T, =790 1 5°C, but certain featurcs of rapid grain
boundary diffusion are also observed at higher
temperatures.

4. At T, C,, reaches its minimum. At the same
temperature the bulk zinc solubility is maximal.
In contrast to the previously studied ordering Fe-Si
alloys the C,, (T} line for the alloy in this study does
not have any singularities below T, - Also the regions
of accelerated grain boundary diffusion and wetting
do not disappear.

5. Thus, the singularities in the C,(7) curve
related to the miscibility gap and bulk ordering can
also be obscrved separately. This further supports
the hypothesis of the grain boundary premelting
proposed in [1-3] as an approach of explaining the
accelerated zinc diffusion along grain boundaries in
Fe-Si alloys.
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