Science
Press

Available online at www.sciencedirect.com

SCIENCE @DIHECT'

Trans. Nonferrous Met. Soc. China 17(2007) 564-569

Transactions of
Nonferrous Metals
Society of China

www.csu.edu.cn/ysxb/

Dissolution mechanism of solid nickel in liquid zinc saturated with Fe
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Abstract: The dissolution behavior of solid nickel in static liquid zinc saturated with Fe at 723 K was studied. The results show that
when immersing solid Ni in liquid Zn saturated with Fe, the intermetallic compound layers consisted of y and J phases are formed on
nickel substrate, which is the same as that in liquid pure zinc. However, some I, particles are formed in the liquid near the
solid/liquid interface. These I, particles can easily heterogeneously nucleate on { particles and grow fast. The dissolution process is
governed by diffusion of nickel atom across a concentration boundary layer in liquid Zn saturated with Fe, and is different from a
mixed control mechanism of nickel in liquid pure zinc. The participation of I, particles makes the dissolution of solid Ni in the liquid

accelerated.
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1 Introduction

Interfacial interaction between solid and liquid
metals is of importance in the technology of materials
surface treatment and metallurgy process, such as hot dip
galvanizing, welding, and smelting[1-3]. Recently, the
smelting process of Zn-Ni master alloys and the direct
alloying technology of Ni-Zn[4—5] are developed
suitable for technigalva[6] that has been widely used in
hot dip galvanizing on reactive steel (0.06%—0.12%Si)
[7], and nickel-based pretreatments have been studied to
solve the problems of hot dip galvanizing on high silicon
steel (>0.25%Si)[8]. When immersing solid nickel in
liquid zinc, dissolution of the solid in liquid phase and
formation of intermetallic compound layers at the
interface take place simultaneously. In previous work[9],
the dissolution behavior of solid nickel in liquid pure
zinc under natural conventional condition was reported
and the conclusion that the dissolution process is
governed by a mixed control mechanism involving
diffusion of nickel atom in Ni-Zn intermetallic layers and
the interfacial reaction between solid nickel and liquid
zinc at 723 K is drawn. At temperatures of 823 and 923
K, the dissolution rates would be controlled by diffusion
of nickel atom across a concentration boundary layer in
liquid zinc. However, in an industrial hot dip galvanizing

process, iron and steel are dipped into a molten zinc bath,
reacted with liquid zinc and dissolved in the zinc bath
continuously. The zinc bath used is always over-saturated
with Fe. The solubility of Fe in liquid Zn is about 0.03%
(mass fraction) at 723 K[10], and the excess Fe in a zinc
bath participates Fe-Zn compound {(FeZn,;) as dross that
settles in the bath and at the bottom of the bath
eventually[11]. Though some investigations[5,9,12—13]
have been taken to evaluate the kinetics of dissolution of
solid nickel or nickel alloy in liquid zinc, there appears to
be little information concerning the dissolution of solid
nickel in liquid zinc saturated with Fe, and the effect of
saturated Fe on the interfacial reaction between solid
nickel and liquid zinc are not well understood.

In the present work, an attempt has been made to
elucidate the mechanism of the dissolution of solid
nickel in liquid zinc saturated with Fe under natural
convection. The growth of intermetallic compound layers
at solid/liquid interface, and the change of intermetallic
compound particles in the liquid layer near solid/liquid
observed. The
associated with intermetallic compound layers formation

interface were dissolution model
and the nondimensional correlation for mass transfer
under natural convection condition was applied to
estimate the rate-determining step in the dissolution
process. And the of the
mechanisms of solid nickel in liquid zinc saturated with

difference dissolution
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Fe and liquid pure zinc were discussed. It is useful in
interpreting the dissolution process relevant to Ni-Zn
direct alloying technology and hot dip galvanizing on the
steel with nickel-based pretreatments.

2 Experimental

Electrolytic-grade nickel wire (99.5%Ni) and
special high grade(SHG) zinc ingot (99.995%Zn) were
employed for the investigation. The size of the nickel
specimens was 1 mm in diameter and 50 mm in length.
Zn-5%Fe master alloy was prepared in advance to adjust
the added iron in molten zinc. 96 g zinc and 4 g Zn-Fe
master alloy were weighted accurately to ensure to
obtain the saturated concentration of Fe in the melt and
the total mass of the melt was 100 g. The experiment was
carried out at 723 K, considered to be the typical
temperature of hot dip galvanizing process. The
experimental procedure same as that in the pervious
work[9] was as follows.

To heat the melt in a 30 mL corundum crucible to
the required temperature and to maintain it, an
electric-resistance furnace was employed. Temperature
was measured with a calibrated chromel-alumel
thermocouple. During the reaction time for a given
specimen the temperature of the melt varied in =2 K
maximum. Argon was used to protect the melt from
oxidation by atmospheric air. When the equilibrium
temperature was reached, a Ni specimen was dipped
vertically into the melt through a hole in the center of the
lid of the crucible, the lid acting as a support. The
dipping depth of the Ni specimen was 30 mm. Before
dipping the Ni specimen was degreased in a 30%NaOH
solution, and fluxed in a 20 g/L ZnCl,+20 g/L NH,Cl
aqueous solution at 333 K, then dried in hot air. The
reaction time was begun to count when the Ni specimen
dipped into the melt. After a predetermined reaction time
(30—600 s), the crucible, together with the melt and the
Ni specimen, was taken out from the furnace and cooled
in circling water, corresponding to a cooling rate of about
30 K/s measured by dipping a micro-thermocouple in the
middle of the melt. After cooling, a cross-section of a
bimetallic specimen at the middle part of the ingot was
obtained, and then polished and etched by a solution of
15 mL H,0,+85 mL NH;-H,O to reveal the intermetallic
compound layers at the solid/liquid interface.

Specimens were observed by both optical
microscope and SEM. The thickness of the intermetallic
compound layers and average size of intermetallic
particles were measured by SEM. EDS analysis on the
Ni-Zn transition zone that included the intermetallic
compound layers and the particles was also carried out to

determine the chemical composition.
3 Results and discussion

3.1 Morphology and characteristics of Ni-Zn transi-

tion zone

Like that in the liquid pure zinc, when nickel
specimen is dipped into the melts, two intermetallic
compound layers are formed on the nickel substrate and
get thicker with increasing of the immersion time. It is
different from that in liquid pure zinc that some
intermetallic particles are found to be formed in the
liquid layer near the solid/liquid interface, and the
amount and the size of particles are increased with the
increase of immersion time. Fig.l shows the back-
scattered eclectron images of the Ni-Zn transition zone
from liquid zinc saturated with Fe for 1 800 s, and the
chemical composition and consisting phases of the points

Fig.1 Microstructures of Ni-Zn transition zone in liquid Zn
saturated with Fe: (a) Backscattered electron image of
transition zone; (b) Intermetallic compound layers on surface of
nickel substrate; (c) Microstructure of intermetallic particles
near solid/liquid interface
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in Fig.1 are shown in Table 1 and Fig.2 in terms of EDS
results and Fe-Zn-Ni ternary phase[14]. As seen from
Fig.1(a), the dark black circle at the center of the image
is the cross-section of the cylinder nickel, on which a
bright white ring is Ni-Zn intermetallic compound layer.
Further observation on the intermetallic compound layer
(Fig.1(b)), it is found that the bright white ring consists
of a thin layer of y phase (4 point in Fig.1(b)) in contact
with the nickel, and an intermetallic layer of J phase (B
point in Fig.1(b)) adjacent to the zinc. It can be
distinguished that there is another very thin layer (about
1 um) between the nickel and y phase layer, its chemical
composition is 26.57%Ni and 73.43%Zn (molar fraction)
and still within the homogeneity range of y phase[15].
Actually, these two layers of y phase have an inverse
antiphase domain structure[15]. It can be seen from
Fig.1(b) that many cracks occur in both layers. Layer
cracking appears to be a result of the difference in
thermal expansion coefficients of these phases[16]. So it
can be seen that the morphology and phase consisted of
the Ni-Zn intermetallic compound layers are the same as
those in liquid pure zinc[9].

Table 1 EDS results for Ni-Zn transition zones in Fig.1

Molar fraction/% Basic
Symbol ) Phase  chemical
Fe Ni Zn formula
A - 14.81 85.19 y NiyZns
B - 11.48 88.52 o NiZng
C 498 591 89.11 Fz FeszH()Nigg
D 6.56 - 93.44 ¢ FeZnys

Significantly different from that in liquid pure zinc,
many big irregular polygon white /7 phase particles are
found to be formed around the nickel circle in the zinc
base(Fig.1(a)). The size of the particles is about 40—100
um. Some tiny grey long particles of { phase in outer
area form the I, phase zone in zinc base, of which the
size is about 5—20 pm. Further observation on the
intermetallic particles is shown in Fig.1(c). As seen from
Fig.1(c), a small { phase particle as the nucleating center
is enclosed by a big irregular polygon I, particle (C
point in Fig.1(c)), and other I, particles are linked with
many ¢ particles (D point in Fig.1(c)).

Thus it can be seen that the dissolution process of
solid nickel in liquid =zinc saturated with Fe is
accompanied by the formation of I phase particles, in
addition to the formation of the intermetallic compound
layers at the solid/liquid interface. According to the
zinc-rich corner of Fe-Zn-Ni ternary system (Fig.2(b)),
the melt is saturated with iron and has the iron
of 0.03% (mass fraction). When
immersing nickel in the melt, the liquid phase layer near

concentration

the solid/liquid interface enters into (L+{) phases region

: : \ o
80 84 88 92D 96 100
x(Zn)/%

(a)

Ni

Fe 0.03 Zn
— w(Fe)/%
(b)
Fig.2 Zinc-rich corner of Fe-Zn-Ni ternary diagram at 450 C
[14]: (a) x(Zn)=0.8—1.0; (b) Liquid zinc region

Firstly, in which the nickel concentration increases
continuously and { phase particles are participated, and
then enters into (L+(+[,) phases region and (L+I%)
phases region successively, following the direction of
arrow 1 illustrated in Fig.2(b). It is possible for I, phase
to heterogeneously nucleate on either ( phase
participated from the liquid phase or { dross particles
floated in this liquid phase layer and get enough iron
atoms to grow due to the high content of Fe in { phase
(about 5%—6%Fe)[11]. So I, phase can be easy to
heterogeneously nucleate and grow fast.

3.2 Dissolution kinetics of solid nickel in liquid zinc

saturated with Fe

Like in liquid pure zinc[9], the intermetallic
compound layers consisted of y and ¢ phases are formed
while the nickel specimen is dissolved in liquid zinc
saturated with Fe. The dissolution process is illustrated in
Fig.3, and the general dissolution rate equation is the
same as that in liquid pure zinc[9] and can be expressed
by
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Fig.3 Schematic illustration of dissolution of nickel in melts

d—w=kd£ Pis Wy — W (1
dt Vi p

where w is the mass fraction of the dissolved material
in the melt; k4 is the dissolution rate constant, m/s; A4 is
the area of the solid/liquid interface, m? ¥ is the liquid
volume, m’ ; p1s 1s the density of saturated concentration,
kg/m®; p, is the density of bulk liquid concentration,
kg/m’; wy is the mass fraction of the solute at saturated
concentration.

On dissolving of solid nickel into liquid zinc with
the formation of intermetallic compound layers at the
solid/liquid interface, the total amount of nickel
consumption includes the amount of dissolved nickel in
the melt (including 75 phase particles) and that of
remained nickel in the intermetallic layers according to
the law of mass conservation. Like in the liquid pure
zinc[9], same form of the expression equation of the
dissolution rate constant k4 in the liquid zinc saturated
with Fe can be derived as follows:

dr dx . dy

—100my| R-“-+ X - - +Y - =
dr dr dr

ripiws[mo + m(Ni)]-100,pm(Ni)}

where

kg = (2)

m(Ni)=nh[py(ry"—r") —0.1psx(2r+2y+x) —0 2py(2r+y)]
R=pa+0.1psx+0.2p,y

X=0.1ps(r+x+y)

Y=0.1psx+0.2p,(x+y)

The mass of the bulk liquid myis 0.1 kg; the data of
r, x, y are taken from the experiments, dr/dz, dx/d¢ and
dy/dt can be derived from the experimental data by
fitting curve, and the other characteristic values are listed
in Table 2. Due to the low saturated concentration of Fe
in the melt (only about 0.03%, mass fraction), the
dissolution rate constant k4 is calculated and listed in
Table 3 by ignoring the effect of Fe in the melt. The
dissolution rate constant in liquid pure zinc k4 z, is taken
from Ref.[9] and also listed in Table 3.

Table 2 Values of physical properties

wiN%  pJtkgm™)  pfkgm>)  p/(kgm”)

0.32[17] 8 870[18] 7 060[19] 7 800[15]
plkgm™)  pytkgm™)  p@/(Nsm?)  Dim’s™
6522[20]  6528[17,20] 3.42x107°[21] 1.82x107°[22]

On the other hand, the same experimental method as
in the pervious work[9] was carried out in this study.
When a vertical solid specimen is unstirred and
immersed in a static liquid, a binary solution is formed
near the dissolution front, and significant concentration-
induced density gradients may develop in a region near
the solid substrate. Under the influence of gravity, the
concentration-induced density gradients create a strong
buoyancy force that causes the dissolved material to
move in the vertical direction, thus resulting in a
convective flow in the liquid and the development of a
dissolution boundary layer adjacent to the interface[23].
A nondimensional correlation for mass transfer under
natural convection condition can be applied to this study
as follows:

Sh=0.13(Gr,Sc)" (3)

where Sh, Gr,, and Sc are Sherwood number, Grashof
number and Schmidt number respectively.

The mass transfer coefficient k, calculated
theoretically from Eqn.(3) is given by the following
equation:

1/3
k,, :D(S—hij.B(gDz Pis =P _p‘J (4)
h u

where the mass transfer coefficient %, is the mass flux

Table 3 Dissolution rate constant (k) and mass transfer coefficient (k) of solid nickel in zinc melt

dr _1 dx _1 dy —1 _ kd 7 / k!
——/(nm-s — /(nm-s —/(nm-s g ! > o m
t/s y/um  x/pum  y/pm ar ( ) ar ( ) ar ( ) ky/(nms™) (am-s (9] (m-s)
300 490 6 5 11.40 5.99 12 300 2230
600 457 10 6 8.57 4.01 12 400 2310
45.8 5700

1 800 410 15 8 5.46 2.12 12 600 2400
3600 342 25 12 4.11 1.42 12 800 2440
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of solute at unit concentration difference between the
solid/liquid interface and the bulk liquid, m/s; D is the
diffusion coefficient of solute in liquid metal, m?/s; h is
the length of the nickel specimen immersed in the melt,
0.03 m; g is the gravity acceleration, 9.8 m/s*; other
characteristic values are listed in Table 2. Physically, the
mass transfer coefficient &, equals the dissolution rate
constant ky if the dissolution process is controlled by
mass transfer of solute in liquid metal[23]. Thus k, is
calculated from Eqn.(4) by ignoring the presence of Fe in
liquid zinc and indicated in Table 3.

The dissolution process with the formation of
at the
interface commonly includes the following steps:

1) Reaction at the solid substrate/intermetallic
compound layer interface;

intermetallic compound layers solid/liquid

2) Formation of intermetallic compound layers and
diffusion in the layers;

3) Interfacial reaction between the intermetallic
compound layer and the liquid metal;

4) Diffusion across a concentration boundary layer
in the liquid metal.

The dissolution rate may be governed by one or
more of these steps. It can be presumed that, if kg is
nearly equal to 4k, diffusion across a concentration
boundary layer in the liquid metal, namely, step 4), is a
possible limiting step. If &y is less than £, one or more of
steps 1)—3) may dominate the dissolution rate, which
means the influence of the formation of intermetallic
compound layers cannot be ignored.

It can be concluded from Table 2 that the
dissolution mechanism of solid nickel in liquid zinc
saturated with Fe is significantly different from that in
liquid pure zinc. In liquid pure zinc, ky 7, is less than &y,
which means the dissolution process is governed by a
mixed control mechanism involving nickel atom in the
intermetallic compound layers and the chemical reaction
between solid and liquid[9].

In liquid zinc saturated with Fe, ky is larger that £,
Based on the four steps of the dissolution process, it is
impossible that the dissolution rate constant ky is larger
than the mass transfer coefficient k. So it is presumed
that the influence of saturated concentration of iron
cannot be ignored to calculate &, from Eqn.(4). It can be
interpreted by means of the concentration boundary layer
theory of the dissolution of solid metal in liquid metal
under natural condition[23]  (Fig.4).
Assuming the thickness of the concentration boundary

convection

layer at the solid/liquid interface is d, the mass transfer
coefficient k,, is expressed as[24]

km = (5)

where d, is the effective thickness of concentration
boundary layer. As seen from Fig.4, in the concentration
boundary layer, the concentration of nickel decreases
gradually with increasing of the distance x from solid
substrate. Because the intermetallic compound layer
adjacent to the liquid is still 6 phase in liquid zinc
saturated with Fe, the saturated concentration of nickel at
the solid/liquid interface cy, is considered as same as that
in liquid pure zinc ¢;. However, due to the formation of
I, phase, the nickel concentration goes down and a high
concentration gradient of nickel is formed, i.e., the
effective thickness of concentration boundary layer, d.,,
in liquid zinc saturated with Fe is less than d;; in pure
zinc. Assuming D is not changed in liquid zinc saturated
with Fe, it can be presumed from Eqn.(5) that k,, will
increase with decreasing of the d., and the value of &, is
equal to k4 value calculated. Therefore, the dissolution
rate of solid nickel in liquid zinc saturated with Fe is
mainly controlled by the diffusion of nickel across the
concentration boundary layer in the liquid zinc, and the
formation of 7, phase will accelerate the dissolution rate
of nickel in liquid zinc.

Ca €y

Zinc bath

Fe-Zn bath

G

1
do d, ds dy x

Fig.4 Change of effective boundary layer as function of
concentration of nickel at solid/liquid interface

4 Conclusions

1) When immersing solid Ni in liquid Zn saturated
with Fe, the intermetallic compound layers consisted of y
and 0 phases exist at the Ni/Zn interface, of which the
morphology and phases are the same as those in liquid
pure zinc. However, it is different that some 7, phase
particles are formed in the liquid near the solid/liquid
interface due to the existence of saturated iron. These
I, particles can be easy to heterogeneously nucleate on
particles and grow fast.

2) The dissolution mechanism of solid nickel in
liquid zinc saturated with Fe is significantly different
from that in liquid pure zinc and governed by diffusion
of nickel atom across a concentration boundary layer in
the liquid. The formation of I, phase makes the effective
thickness of concentration boundary layer near the



solid/liquid interface decrease and the dissolution rate of
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nickel in liquid zinc accelerate.
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