Liquid Metal Corrosion of 316L Stainless Steel, 410 Stainless
Steel, and 1015 Carbon Steel in a Molten Zinc Bath
JING XU, MARK A. BRIGHT, XINGBO LIU, and EVER BARBERO
Corrosion tests of 1015 low-carbon steel and two stainless steels (410 and 316L) were conducted
in a pure zinc bath (99.98 wt pct Zn) in order to better understand the reaction mechanisms that
occur during the degradation of submerged hardware at industrial general (batch) galvanizing
operations. Through this testing, it was found that, in general, 316L stainless steel showed the
best dissolution resistance among these three alloys, while 1015 carbon steel provided a lower
solubility than 410 stainless steel. Investigating the failure mechanisms, both metallurgical
composition and lattice structure played important roles in the molten metal corrosion
behaviors of these alloys. High contents of nickel combined with the inﬂuence of chromium
improved the resistance to molten zinc corrosion. Moreover, a face-centered-cubic (fcc) structure was more corrosion resistant than body-centered-cubic (bcc) possibly due to the compactness of the atomic structure. Analogously, the body-centered-tetragonal (bct) martensite
lattice structure possessed enhanced susceptibility to zinc corrosion as a result of the greater
atomic spacing and high strain energy. Finally, an increased bath temperature played an
important role in molten metal corrosion by accelerating the dissolution process and changing
the nature of intermetallic layers.
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I.

INTRODUCTION

HOT dip zinc-coated steel production has increased
dramatically over the past decade due to its relative
economic beneﬁts over other corrosion-resistant materials. As a result of this increased demand, the need for
greater manufacturing eﬃciency in the galvanizing
process has also gained prominence. Numerous projects
have investigated the molten metal corrosion aspects of
materials and designs used for the submerged pot rolls
and other hardware of continuous sheet galvanizing
operations.[1,2] The degradation and frequent failure of
these structures results in signiﬁcant production downtime and leads to high maintenance costs due to
extensive repair and replacement.[3]
In order to prolong the service life of these rolls, many
studies have attempted to obtain a better understanding
of the corrosion behavior of the hardware materials in a
variety of compositional coating baths.[4–8] However,
the test conditions and focus of each of the projects have
been quite broad, encompassing ferrous alloys, cobalt
alloys, coatings, and weld materials. Concurrently,
extensive research has been executed to deﬁne the
equilibrium phase diagrams relevant to galvanizing
applications. A standard Zn-Al-Fe phase diagram has
only recently been accepted,[9] while other more
advanced zinc phase diagrams involving Cr, Ni, Co,
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and others are currently being formulated.[10–13] However, with this array of research focused on materials for
continuous galvanizing pot rolls, minimal eﬀort has
been directed toward understanding the molten metal
reactions of hardware and containment kettles employed in general (batch) galvanizing,[14,15] which uses
zinc possessing very low levels of aluminum and, hence,
vastly diﬀerent corrosion properties.[16]
In the current research eﬀort, molten metal corrosion
tests of three ferrous alloys (1015 low-carbon steel, 410
martensitic stainless steel, and 316L austenitic stainless
steel) were conducted in pure zinc (99.99 wt pct Zn) to
obtain a better understanding of the solubility of
structural materials in a typical general (batch) galvanizing environment. The tasks entailed exploring the
dissolution and corrosion kinetics of iron in molten zinc
by observing the nature and rate of the corrosion attack
and the interfacial reactions between the tested hardware materials and liquid zinc. The eﬀect of the
chromium content in the substrate materials, as well as
the intrinsic phase diﬀerences therein, was also reviewed.
The experimental results from this study not only enrich
the knowledge pool of liquid-metal corrosion, but also
provide solid clues to the eﬀective selection of submerged hardware materials and the prediction of corresponding operating parameters, such as the
maintenance frequency and the service life estimation.

II.

EXPERIMENTAL SETUP

A. Materials
Three types of steels (316L austenitic stainless steel,
410 martensitic stainless steel, and 1015 ferritic carbon
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Table I.
Materials
316L ss
410 ss
1015 cs

Table II.

Composition of Three Types of Steels (Weight Percent)

C

Si

Mn

S

P

0.012
0.141
0.157

0.40
0.19
0.17

1.39
0.46
0.50

0.029
0.005
0.029

0.024
0.009
0.009

Cr

Ni

17.55
11.96
—

10.74
0.380
—

Matrix of Corrosion Testing Parameters

Immersion Specimen
Materials

Testing Condition:
Temperature (°C)–Time (Days)

1015 low-carbon steel
410 ss
316L ss

465
500
520
465
500
520
500
520

°C–14 days;
°C–8 days;
°C–4 days
°C–17 days;
°C–7 days;
°C–4.5 days
°C–6 days;
°C–12 days

steel; Table I) containing variable amounts of chromium, nickel, and molybdenum were considered for this
investigation. Each material was cold rolled and
annealed prior to machining test samples (15.9-mm
diameter by 50.8-mm length). Dimensions and weights
of the specimens were then recorded after pickling,
degreasing, and cleaning in dilute HCl, acetone, and
alcohol, successively.
B. Corrosion Testing
For each corrosion immersion test, a 41-kg bath of
pure zinc with the starting composition (wt pct) 99.98
Zn, 0.011 Si, 0.003 Al, 0.002 Fe, and 0.002 Pb was
heated to a set point of either 500 °C or 520 °C. A
matrix of immersion materials and testing parameters
(as shown in Table II) was chosen according to an
estimated dissolution rate for each specimen material at
the speciﬁed temperature. After immersion in the pure
zinc bath for a given period of time, samples were pulled
out one at a time at subsequent time intervals in order to
determine the experimental corrosion degradation.
C. Characterization
Upon extraction from the liquid zinc, corrosion
specimens were ﬁrst pickled in a dilute (15 pct) HCl
solution to remove the zinc adhering to the surface, and
then ultrasonically degreased and cleaned in acetone and
alcohol to ensure complete removal of the zinc. Subsequently, the weight and dimensions of each sample were
measured in order to quantify the relative change in
sample size so that corrosion rate determinations could
be calculated. Meanwhile, several specimens from each
test were maintained in their as-tested condition for the
purpose of microstructural analysis. Each as-tested
sample was cross-sectioned and mechanically polished
then examined by optical microscopy and scanning
electron microscopy (SEM). An integrated energy dispersive spectrometry (EDS) was employed to determine
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Mo
2.05
—
—

Cu
0.257
—
0.343

N

Fe

0.0512
0.0658
0.0145

67.497
86.789
98.590

the concentration proﬁles and compositions of the
phases within the reaction region between the ferrous
substrate and residual zinc coating.

III.

EXPERIMENTAL RESULTS

A. Corrosion Rate Identiﬁcation
From the aforementioned testing, it was easily
observed that all three ferrous alloys were attacked
aggressively by the molten zinc. The corrosion behavior
of these alloys was then characterized by three methods:
weight loss, semi-instant corrosion rate, and average
corrosion rate.
1. Weight loss
The calculation of weight loss directly describes the
relative weight change of each specimen over the
duration of the immersion time. As expected, it was
observed that the weight of all three steel materials
degraded progressively when immersed in molten zinc.
For 316L stainless and 1015 carbon steel, Figure 1(a)
identiﬁes a linear relationship of weight loss over time
with 1015 carbon steel exhibiting a greater weight
depletion than 316L at a comparative temperature
(500 °C). The kinetic constant of the reaction process
(K) can be determined from the slope of the plot
representing the variation of the weight loss vs time.
The K values associated with 1015 carbon steel were
K465 °C = 0.018 g/h and K500 °C = 0.407 g/h at 465 °C
and 500 °C, respectively, while 316L stainless exhibited
the same K value at both 500 °C and 520 °C, K316L =
0.100 g/h.
Determining the kinetic constant of 410 stainless steel
was not as straightforward. As shown in Figure 1(b),
each semiparabolic trend line possessed an initial highcorrosion region (KI) then a subsequent region of
greater stability (KII). These K values for 410 stainless
(outlined in Table III) suggest that the weight loss was
inﬂuenced by not only the bath temperature but also the
immersion time. Increasing the bath temperature accelerated the degradation of the 410 stainless with a
prominent enhancement of the dissolution rate occurring between 465 °C and 500 °C. However, regardless of
the temperature, each test eventually reached a domain
of suppressed and stabilized weight loss (and, hence,
lower values of KII), identifying that the corrosion slows
after a given initiation period (region I).
2. Semi-instant corrosion rate
The determination of the semi-instant corrosion rate
takes into consideration the changing surface area of
each sample over the given immersion period. However,
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v¼

Wn  Wðn1Þ
A  t

½1

where v represents the semi-instant corrosion speed
(g/m2 Æ h), Wn represents the specimen weight (g) at the
starting time t = 0, W(n–1) represents the specimen
weight (g) after immersion in the zinc for the experimental time t (hours), and A is the specimen average
surface area (m2) at time = t.
Figures 2(a) through (c) proﬁle the semi-instant
corrosion rates (as compared to the aforementioned
weight loss) of the three steels at 465 °C, 500 °C, and
520 °C, respectively. With the consideration for surface
area calculated, 410 stainless exhibited the highest semiinstant corrosion rates among the materials tested
regardless of testing condition. Meanwhile, 1015 carbon
steel showed greater corrosion rates than 316L stainless
steel.
3. Average corrosion rate
The concept of average corrosion rate deﬁnes the
thickness loss of the material as projected over a fullyear average, considering single-face zinc contact over
the service period. The prerequisite of this technical
deﬁnition is that the corrosion occurs uniformly from
one exposed surface of the material, penetrating gradually into the substrate with only the depletion in wall
thickness leading to the ﬁnal weight loss. This rate
calculation is relevant with respect to the degradation of
the carbon steel lining of general (batch) galvanizing
kettles, which hold a given volume of zinc for long time
periods. The formula used to describe this process is
shown as follows:
v
½2
B ¼ 8:76
q

Fig. 1—Relationship between weight loss and time on steels exposed
to pure zinc: (a) 1015 carbon steel and 316L stainless steel, and (b)
410 stainless steel.

Table III.

Kinetic Constant (K) of the Weight Loss for 410
Stainless
Kinetic Constant (K) g/h

Temperature (°C )
465
500
520

Region I (KI)

Region II (KII)

0.3187 (0 to 72 h)
0.88 (0 to 96 h)
1.339 (0 to 48 h)

0.0118 (72 to 408 h)
0.0904 (96 to 168 h)
0.3727 (48 to 108 h)

in order to compare the corrosion data of the experiments on diﬀerent specimens, it was assumed that the
three materials employed herein decayed based on
uniform corrosion (i.e., all the constituents in the
substrate alloy dissolved into the bath at the same
rate).[17] The formula used to calculate the semi-instant
corrosion rate is shown as follows:
METALLURGICAL AND MATERIALS TRANSACTIONS A

where B represents the average corrosion rate (mm/
year), v the semi-instant corrosion rate (g/m2 Æ h), and
q the specimen density (g/cm3). Figure 3 shows the
experimental relationship between average corrosion
rate (squared) and time at diﬀerent bath temperatures
(465 °C, 500 °C, and 520 °C).
From the log-log plot of Figure 3, the time dependence of the average corrosion rate data shows that
linearity occurs, but only after a transient period of
about 24 hours. (In other words, the variation of the
average corrosion rate squared vs time cannot be
described by a straight line for durations less than
24 hours). In general, following the initial transient
period, corrosion rates decelerated with the extension of
the immersion time for all three steels, indicating that
diﬀerent kinetic regimes were involved during the
immersion process. (Slopes of the linear region, representing the decay of the average corrosion rate, are
summarized in Table IV.)

B. Metallurgical Morphology and Elemental Distribution
Proﬁle
With a determination of the physical deformation of
the ferrous alloys after exposure to molten zinc, it was
VOLUME 38A, NOVEMBER 2007—2729

Fig. 2—Weight loss and semi-instant corrosion speed of 1015, 410, and 316L steels exposed to pure zinc at (a) 465 °C, (b) 500 °C, and
(c) 520 °C.

necessary to observe the metallurgical morphology of
the specimens by optical microscopy and SEM and
analyze the composition of the interfacial phases by
means of EDS in order to better understand the reaction
mechanisms interacting between the liquid zinc and
substrate materials. As a result, micrographs displayed
signiﬁcant diﬀerentiation between each type of steel
specimen when the immersion time was extended from a
few hours to several hundred hours. Moreover, the zinc
bath temperature had a strong inﬂuence on the crosssectional structures and sublayer alignment.
1. 1015 carbon steel
The 1015 low-carbon steel sample behaved in accordance with its documented behavior.[18,19] The typical
intermetallic phases c (Fe3Zn10), d (FeZn7), and f
(FeZn13) were identiﬁed using optical microscopy and
were conﬁrmed by SEM/EDS. As shown in the EDS
proﬁle of the 1015 carbon steel specimen immersed in
liquid zinc for 24 hours at 520 °C (Figure 4(a)), a clear
interface between the steel and solidiﬁed zinc was
observed. From the steel face into the residual zinc
region, the concentration of iron dropped tremendously
in the ﬁrst 30-lm aﬃnity region, and then stabilized.
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Figure 4(b) identiﬁes the relative chemical composition
near the aﬃnity region (location 1) at the interface,
hinting that it was predominantly c phase. However,
when this same material was tested in zinc at 500 °C for
168 hours, a notable diﬀerence in the morphology was
observed. As labeled in Figure 5, the cross-sectional
photomicrograph indicates the formation of multiple
layers of the conventional Fe/Zn phases (summarized in
Table V) resulting from the reaction of solid iron with
the liquid zinc bath. These layers were considerably
thicker and had well-deﬁned boundaries, as compared
with the aforementioned 24-hour sample (Figure 4).
Furthermore, the d phase was composed of two distinct
regions. One was coherent with the c layer, while the
other had the appearance of being permeated by
capillaries terminating at the d-adherent layer. A clear
boundary between the d-palisade and f phase was
additionally found (Figure 5). As with the d phase, the f
phase also diverged into two regions. The ﬁrst region
was bonded with d-palisade and possessed a dense
structure without detailed tissues, while the other region
appeared as ‘‘bamboo-type’’ rods, parallel to one
another and perpendicular to the iron surface, as
observed in Figure 5(b).
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 3—Relationship between average corrosion rate square and time, log-log plot of 1015, 410, and 316L steels exposed to pure zinc at
(a) 465 °C, (b) 500 °C, and (c) 520 °C.

Table IV. List of Corrosion Decaying Speed for Three Metals Exposed to Pure Zinc Bath
Bath Temperature (°C)
Corrosion Decay
K (mm/y)2/h
Steels
1015 carbon steel
410 stainless steel
316L stainless steel

465

500

520

0.9043
1.5827
—

0.3924
0.8456
0.1481

1.2719
0.6886
0.3573

2. 316L stainless steel
As with the carbon steel samples, the 316L stainless
steel microstructures also revealed the formation of
typical Fe-Zn intermetallics, but were now impacted by
the presence of chromium from the substrate metal.
Figures 6 and 7 identify the cross-sectional microstructures on 316L stainless steel after immersing in molten
Zn at 520 °C for 96 and 192 hours, respectively. Hence,
after 96 hours (Figure 6), only a layer c phase
METALLURGICAL AND MATERIALS TRANSACTIONS A

(Fe3Zn10Crx [x = 2.5 to 3.5]) intermetallic was
observed. However, as shown in Figure 7 and outlined
in Table VI, when the immersion time was extended up
to 192 hours, the intermetallic layers included not only c
phase but also d phase (FeZn7Crx [x = 0.29 to 0.32])
through the following reaction:
Lþc!d

½3

3. 410 stainless steel
Finally, even though 410 stainless steel possesses a
considerable amount of chromium such as 316L stainless, the resultant corrosion morphologies more closely
resembled the structures observed in the 1015 carbon
steel samples. For example, looking at the 410 stainless
steel sample, which was immersed in liquid zinc for
11 hours at 520 °C (Figure 8(a)), a clear interface
between the steel and solidiﬁed zinc was found, analogous to the 24-hour carbon steel immersion sample.
VOLUME 38A, NOVEMBER 2007—2731

Fig. 5—Microstructure of 1015 carbon steel dipping 168 h at 500 °C
in Zn bath. Layer 1 is c phase Fe3Zn10; layer 2 is d phase FeZn7;
layer 3 is f phase FeZn13; layer 4 is f phase FeZn13; and layer 5 is g
phase Zn. Note: refer to Table V.
Fig. 4—Elements cross-sectional EDX proﬁle of 1015 carbon steel
dipping 24 h at 520 °C in Zn: (a) elemental distribution (Fe, Zn) and
(b) chemical composition of location 1.

From the stainless interface into the solidiﬁed zinc
region, the iron level decreased tremendously in the ﬁrst
20- to 30-lm aﬃnity region, and then stabilized.
Analysis of the aﬃnity region (location 1) near the
interface (Figure 8(b)) identiﬁes the chemical composition representative of c phase with a small amount of Cr.
After a longer immersion time of 264 hours (at
465 °C), the coating microstructure on the 410 stainless
sample is again similar to 1015 carbon steel in that it
also contained a thick multilayer structure resulting
from the reaction of steel with the zinc bath (Table VII).
These layers were orderly arranged but without welldeﬁned boundaries. The c phase interface layer was
approximately 20-lm thick, and appeared like a porous
honeycombed structure as a result of pitting, especially
at the boundary with the stainless substrate. Next, the f
phase was composed of two distinct regions. One was

coherent with the c layer bonded to the steel, while the
other appeared as ‘‘bamboo-type’’ rods, parallel to one
another and perpendicular to the iron surface (Figure 9(a)). Conversely, d phase, which was observed on
the 1015 steel sample, was not recognized on the 410
stainless. Finally, the elemental analysis indicated a
decrease in the Cr concentration (from the Fe-Zn
interface into the solidiﬁed zinc layer) from 4 at. pct in
the c phase to 1 at. pct in the f phase.
IV.

DISCUSSION

A. Comparison of the Corrosion Resistance of Various
Steels
Experimental data of the weight loss and corrosion
rate clearly identiﬁed a ranking of the liquid zinc
corrosion resistance for the three steels tested. Overall,
410 stainless steel exhibited the highest corrosion rate,
while 1015 carbon steel had greater corrosion than 316L
stainless steel. One exception to this generality was the

Table V. Phases Observed in the Residual Zinc Coating on the 1015 Carbon Steel Specimen after Immersion in Zinc at 500 °C
for 168 Hours (Position 1 is the Interface between the Steel and Zinc; Position 5 Approaches the Outer Surface of the Zinc
Coating)
Position

Position 1

Position 2

Position 3

Position 4

Position 5

Compositional Phase

c: Fe3Zn10

d: FeZn7

f: FeZn13

f: FeZn13

g: Zn
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Fig. 6—Cross-sectional microstructure of 316 stainless steel dipping
96 h at 520 °C in Zn: (a) SEM and (b) EDX chemical composition
of location 1.

Fig. 7—Microstructure of 316 stainless steel dipping 192 h at 520 °C
in Zn bath. Both layers 1 and 2 are c-phase Fe3Zn10Crx, x = 2.5 to
3.5; layer 3 is d phase FeZn7Crx, x = 0.29 to 0.32. Note: refer to
Table VI.

Fig. 8—Cross-sectional EDX proﬁle of 410 stainless steel after 11 h
at 520 °C in Zn: (a) elemental distribution (Fe, Zn, and Cr) and (b)
chemical composition of location 1.

accelerated weight loss of 316L stainless steel (relative to
1015 carbon steel) for the time period between 48 and
96 hours. However, 316L experienced less cumulative
degradation than 1015 carbon steel at 500 °C for the
180-hour testing duration, which was in accordance with
previously documented conclusions based on experimental work at 480 °C for 120 hours.[4]
Earlier, it was postulated that corrosion resistance in
liquid zinc is aﬀected by not only the concentration of
alloying elements (typically, Cr and Ni) in the substrate
material but also the lattice structure of the metal.
Comparing the tests results of 316L and 1015 reveals
that the high alloying content (up to 18 pct Cr when
working with 11 pct Ni) of 316L stainless performed
better than unalloyed carbon steel. In addition, the facecentered cubic (fcc) structure in austenitic 316L is more
compact than the body-centered-cubic (bcc) structure in
ferritic 1015, providing theoretically slower diﬀusion
and corrosion.

Table VI. Phases Observed in the Residual Zinc Coating on the 316l Stainless Steel Specimen after Immersion in Zinc at 520 °C
for 192 Hours (Position 1 is the Interface between the Steel and Zinc)
Position
Compositional Phase

Position 1

Position 2

Position 3

c: Fe3Zn10Crx , x = 2.5 to 3.5

c: Fe3Zn10Crx, x = 2.5 to 3.5

d: FeZn7Crx, x = 0.29 to 0.32
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Table VII. Phases Observed in the Residual Zinc Coating on the 410 Stainless Steel Specimen after Immersion in Zinc at 465 °C
for 264 Hours (Position 1 is the Interface between the Steel and Zinc; Position 4 Approaches the Outer Surface of the Zinc
Coating)
Position
Compositional Phase

Position 1

Positions 2 and 3

Position 4

c: Fe3Zn10Crx, x = 0.48 to 0.50

f: FeZn13Crx, x = 0.065 to 0.082

g: Zn

terminal solid solutions of a-iron (bcc), c-iron (fcc), and
zinc (hcp). The c1 phase forms through the following
peritectoid reaction at 550 °C.[9]
c þ d ! c1

Fig. 9—Microstructure of 410 stainless steel dipping 264 h at 465 °C in
Zn bath: (a) multilayer structure and (b) honeycombed structure from
pitting. Layer 1 is c phase Fe3Zn10Crx, x = 0.48 to 0.50; layer 2 is f
phase FeZn13Crx, x = 0.065 to 0.082; layer 3 is also d phase FeZn7Crx,
x = 0.29 to 0.32; and layer 4 is g-phase Zn. Note: refer to VII.

However, the comparison between 1015 and 410
shows that the corrosion resistance of 410 in molten zinc
is worse than that of 1015, even with the presence of 12
pct Cr in 410 steel. It is believed that this diﬀerence in
corrosion is due to the dissimilar lattice structures
between martensitic 410 steel and ferritic 1015 steel. The
higher strain energy stored in a martensite structure
potentially makes it more susceptible to corrosion with a
higher lattice diﬀusion coeﬃcient.[20] This ﬁnding is also
supported by published corrosion tests of martensitic
steel in water at 588 K, where specimens with wholly or
partially martensitic structures were shown to corrode
rapidly. The high corrosion rates are ascribed to high
phase-transformation microstrains associated with the
presence of the martensitic structure.[21,22]
B. Corrosion Mechanisms
The Fe-Zn system contains numerous phases including liquid zinc (g), intermetallic phases (c1, c, d, f), and
2734—VOLUME 38A, NOVEMBER 2007

½4

However, because the testing temperatures in this
article were 465 °C, 500 °C, and 520 °C, the c1 phase
was not formed, which was subsequently conﬁrmed by
the SEM observation. As shown in Figure 10, the Fe-Zn
binary phase diagram indicates that the magnetic
ordering leads to a signiﬁcant reduction of zinc solubility in a-iron.[23] The iron solubility in zinc is very low,
typically, 0.00002 to 0.00007 wt pct at 419 °C, 0.029 to
0.030 wt pct at 450 °C, and 0.038 wt pct at 460 °C.
Dissolution mechanisms on steel by liquid zinc have
been studied previously by several investigators,[18,24]
who have determined that the diﬀusion coeﬃcient of
zinc is greater than that for steel (DZn > DFe).[25,26]
Hence, it is widely believed that zinc readily diﬀuses into
the steel and forms intermetallic compounds. Ghuman
et al.[24] concluded that fully developed layers of conventional Fe-Zn phases, c, d, and n, resulted from the
reaction of solid iron with the liquid zinc bath for short
immersion times, but it is generally agreed that the
intermetallic layers formed undergo progressive spallation and dissolution[18] after continued exposure. In
support of these previous ﬁndings, the transformation of
the kinetic process may be described herein using the
semi-instant corrosion rate trend for the experimental
data from 410 stainless steel immersed at 500 °C as an
example (Figure 11). Based on further analysis of these
data, the transformation may be depicted.
Step 1: Fe rapidly dissolves into zinc bath.
Step 2: The intermetallic layer on the surface of the
steel specimen forms, suppressing the swift dissolution of Fe into the bath. This intermetallic phase at
the iron surface impedes the opposite diﬀusion reaction between the iron and zinc. Because DZn > DFe
(diﬀusion coeﬃcients) in the reaction layer, the
interface moves deeper into the iron substrate forming a thicker intermetallic phase over time.
Meanwhile, portions of the intermetallic layer break
down and spall from the surface, allowing the fresh iron
surface to be exposed. Diﬀusing zinc atoms then react
with the exposed iron and initiate additional growth of
the conventional Fe-Zn phases. The iterative intermetallic formation and spallation eventually result in a
cumulative weight loss of the substrate material.
Step 3: Once the intermetallic formation rate is balanced by the spallation rate (usually within the ﬁrst
24 hours after immersion), the semi-instant corrosion rate stabilizes and the intermetallic layers grow
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 10—Fe-Zn binary phase diagram.[20]

rate of the interfacial reaction, and, thus, the intermetallic layer growth is controlled by zinc atoms passing
through the interfacial layer, driven by the concentration gradient. Furthermore, at ﬁrst glance, it seems
puzzling that the weight loss plot (Figure 1) reﬂects
exactly the linear-rate law, but it should be noted that
the weight loss was the overall result of the surface area
degradation and thickness reduction. Similarly, the
average corrosion rate was based on the specimen
thickness decrease, which was measured/calculated from
the assumption that the surface area did not change.
Alternatively, in order to account for the surface area
changing during the experiments, the corrosion kinetics
was described by the semi-instant corrosion rate (Figure 11), which had not only a linear substage representing the inﬂuence of interfacial reaction, but also a
parabolic regime indicating the subsequent diﬀusion
dominance.
Fig. 11—Semi-instant corrosion speed of 410 stainless steel exposed
to pure zinc at 500 °C.

V.

CONCLUSIONS

thicker. This enhancement of the intermetallic layers
hinders the penetration of zinc, limiting its interaction with the iron substrate. Conﬁrmed by the standard parabolic rule (Figure 3), the corrosion data
indicate that this stage was diﬀusion controlled.

Liquid metal corrosion of 316L stainless, 410 stainless, and 1015 carbon steel was studied through static
corrosion tests in a molten zinc bath for various
temperatures and times, and, as a result, several
conclusions can be drawn from this investigation.

It has been shown in the literature that the corrosion
kinetics of steels (1.4914 martensitic steel and 316L
austenitic steel) exposed to liquid gallium at 400 °C also
satisﬁed the parabolic regime for extended immersion
times (e.g., greater than 40 hours[14]).
The parabolic law indicates that the corrosion process
is controlled by diﬀusion after the ﬁrst three stages for
24 hours. Hence, the rate of diﬀusion is slower than the

1. Under the experimental conditions in this article,
316L showed the best dissolution resistance to liquid zinc among these three alloys, while 1015 carbon steel had a lower solubility than 410 stainless.
2. Both composition and lattice structure played
important roles in the molten metal corrosion
behaviors of these alloys. High contents of Cr combined with Ni improved the resistance to molten

METALLURGICAL AND MATERIALS TRANSACTIONS A
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zinc corrosion. Meanwhile, an fcc structure indicated better corrosion resistance in the tested context than either bcc or body-centered-tetragonal
(bct) due to the compact structure present in fcc
materials. It appeared that the bct martensite lattice
structure was more susceptible to corrosion possibly
due to its wide atomic spacing (i.e., noncompact
structure) and high strain energy.
3. Bath temperature played an important role in both
dissolution and intermetallic layer formation.
Increasing the bath temperature accelerated the corrosion process and changed the nature of intermetallic layers.
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