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Abstract The reduction behaviour of the oxide scale on hot-rolled, low-carbon
steel strip in 5%H,—N, gas at 650-900 °C was studied. In general, the reduction rate
of the oxide scale at the centre location was more rapid than that at the near-edge
location. In both cases, the reduction rates at 650 °C were extremely low and the
rates increased with increased temperature, reaching their maxima at 850 °C.
Arrhenius plot of the rate constant derived from the early parabolic stage revealed
that the reduction mechanism at 650-750 °C differed from that at 750-850 °C, with
the former being oxygen diffusion in o-Fe and the latter most likely iron diffusion in
wustite. In all cases, a thin iron layer formed on the scale surface within a very short
time and then the thickness of this layer remained essentially unchanged, while the
scale layer was gradually reduced via outward migration of the inner wustite—steel
interface, as a result of inward iron diffusion through the wustite layer to that
interface. More rapid oxygen diffusion through the thin surface iron layer than the
oxygen supply rate through interface reaction was believed to result in a lower
oxygen potential at the outer iron—wustite interface, thus providing a driving force
for iron to diffuse through the wustite layer. The inner wustite—iron interface
became undulating initially; then with the rapid advance of some protruding sec-
tions, some parts of the wustite layer were reduced through first, and finally the
remaining wustite islands were reduced to complete the reduction process.
Porosities were generated when wustite islands were reduced due to localized
volume shrinkage. Higher oxygen concentrations in the scales of the near-edge
samples were believed to be responsible for their slower reduction rates than those
of the centre location samples.
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Introduction

Following a development Danieli made in 2000 using pure hydrogen to reduce
oxide scale on hot-rolled steel strip [1, 2], there have been some renewed interests
recently in studying the reduction behaviour of oxide scale on hot-rolled steel strip,
in the hope of identifying a more practical operation window for further
development of this technology. The early development of Danieli led to the
construction of a pilot line and a commercial line with a target output rate of
120,000 metric tonnes per annum. No further development was reported thereafter.
The laboratory results used in this development were reported by Primarera et al. [3]
in a later paper. In this paper [3], the results showing the effect of temperature, gas
dilution level and H,O content on the reduction kinetics were reported, but some
results, especially the absence of a rate minimum temperature, were inconsistent
with the results reported in later studies.

During 2004-2007, under the auspices of European Commission, Picard et al. [4]
conducted a three-year project, exploring options that could be used to (1) decrease
oxide scale thickness during hot rolling and (2) effectively and efficiently reduce the
oxide scale on hot-rolled steel strip using H,—N, gas mixtures. The temperature
range examined was 750-1100 °C. From this study, it was concluded that it was
possible to reduce a 10-pm-thick scale layer on steel using flowing 100%H, at
relatively high temperatures within a short time (e.g., 2 min at 850 °C and 3 min at
750 °C). The product of the reduction reaction was a layer of sponge iron that could
not be easily removed mechanically, but could be compacted by a cold-rolling step.
However, the processing times required identified were considered to be too long as
compared to the time required in a conventional pickling process. Also, with the
high temperatures required, the post-cooling chamber would be excessively long.
These made it difficult to design a compact industrial installation with a high
productivity. In addition, the requirement of using 100%H, was impractical as in a
continuous operation line; water vapour would be generated as a result of reaction
between the scale and the hydrogen gas. No further development in the scale
reduction process was planned by the European Commission after the 3-year
project.

Since then, various academic studies were conducted to explore other options of
oxide scale reduction. Shi et al. [5] examined the reduction behaviour of mill scale
(7-8 pm thick) on a low-carbon steel in 100%CO at 710-770 °C and found that the
optimal conditions were 750 °C for 3 min with a gas flow rate of 3 L min~" (litres
per minutes). However, it was found that carburization of the reduced iron also
occurred.

Saeki et al. [6] examined the reduction behaviour of a 5-um-thick scale layer at
400-800 °C in 100%H,. It was found that within 400-550 °C, the reduction rate
increased with increased temperature. However, there was a sudden reduction rate
decrease at 600 °C, and thereafter, the reduction rate increased with increased
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temperature again. Different morphologies of the reduction products were observed
in this study. After reaction at 400 °C for 90 min, the reaction product was compact
with the scale layer essentially unaffected. After 90 min at 500-550 °C, however,
the reaction product was porous, comprising a mixture of fine-grained iron particles,
porosities and probably some residual oxide particles. After 90 min at 600-700 °C,
a thin white layer of metallic iron formed on the surface and the original scale layer
became non-uniform in thickness. After 90 min at 800 °C, the entire scale layer was
reduced to a metallic iron with some relatively large porosities in it. The observation
of a rate minimum at 600 °C was interesting. It was believed that the changes in the
scale morphology and the type of oxide were responsible for the sudden change in
the reaction manner, but in what way these changes would have affected the
reaction manner and kinetics was not discussed.

In 2014, the reduction behaviour of mill scale (7-8 pum thick) at a relatively low
temperature range of 370-550 °C in 20%H,—Ar was examined by Guan et al. [7]. It
was found that the reduction rate increased with temperature and a transition
temperature of 410 °C was identified. Below the transition temperature, the rate
increase was small, but after the transition temperature, the rate increased rapidly.
The shortest duration identified for nearly completely reducing the 7-pm scale layer
was 8 min at 550 °C. The authors believed that formation of metastable wustite as
an intermediate product was responsible for the decrease in the activation energy
below 410 °C. Porous reaction products were observed at 400-550 °C with the pore
size increased with temperature. Guan et al. [8] then continued their study (reported
in 2016) by comparing the reduction behaviour at 550 °C with that at 700-800 °C
and examined the effect of increased hydrogen content in the atmosphere from 20 to
50%. The results of this later study revealed that increasing the reaction temperature
to 700-800 °C did not increase the reduction rate. Instead, the reduction rate at
550 °C was still the greatest, although in the initial heating stage, more scale was
reduced at 800 °C than at 550 °C. Increasing hydrogen content to 50%H,—Ar also
increased the reduction rate with the rate increase at 550 °C being the most
significant. The reaction rates at 700 °C in both atmospheres were the smallest (rate
minimum). At 700-800 °C, a dense iron layer formed on the scale surface, whereas
the reduced scale structure at 550 °C was porous. These results again related the
formation of a dense iron layer on the surface to low reduction rates and porous
scale structures to more rapid rates. Solid diffusion control was believed to be
responsible for the low reduction rate at 700 °C, but what diffusion processes had
controlled the reduction process was not discussed. The total duration required to
completely reduce the scale was not determined in this later study.

The temperature effect was also studied by He et al. [9]. The scale structure used
for this evaluation was one that corresponding to that taken from the near edge
region of a hot-rolled strip [10, 11], comprising a two-layered structure with an
outer magnetite layer and an inner layer of Fe;O0,—Fe mixture. The temperature
range examined was 400-900 °C, and the atmosphere used was 10%H,—N,. The
results of this study were consistent with those of Saeki et al. [6] and Guan et al. [8],
namely, (1) within the range of 400-500 °C, the reduction rate increased with
temperature and porous reduction products were obtained, (2) there was a sudden
decrease in the reduction rate at 600 °C but the rate minimum temperature was at
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700 °C, (3) the reduction rate increased again with temperature within 700-900 °C.
At this higher temperature range, the scale surface was covered by a thin layer of
metallic iron and the reduction reaction proceeded by migration of the scale—steel
interface outward, consistent with the observations made by Saeki et al. [6] and
Picard et al. [4].

To accelerate the reduction process, Liu et al. [12] examined the effect of scale
breaking on the reduction rate in 5%H,—N, at 600-900 °C. It was found that scale
breaking significantly increased the reduction rate, but within 600-800 °C, it was
still not possible to completely reduce the entire scale layer within 30 min even with
a compression ratio of nearly 30%. Only when the temperature was increased to
900 °C at a compression ratio of 26%, could the scale be completely reduced within
30 min.

Some other studies [13, 14] were also conducted to assess the quality of a hot-
dipped galvanized coating on partially reduced oxide scale. In preparing the
surface for galvanizing, one study [13] introduced 30% compression to break the
scale prior to scale reduction in 20%H,—N, at 800 °C, while the other study [14]
used rapid cooling after coiling to generate a scale layer containing more than
20% wustite prior to scale reduction in an atmosphere containing more than
20%H, at 550-700 °C. It was claimed that even with the presence of scale
residues on the steel surface, the galvanized coating produced could still adhere
well to the steel. It is known that iron oxides are not deformable at room
temperature [15]. The presence of a significant percentage of scale residues in the
galvanized coating would be a significant concern to the manufacturers and their
customers.

Summarizing the results of previous studies, the following conclusions can be
made:

1. There is a rate minimum temperature at about 600-700 °C, below and above
which, the scale reduction rate increased with increased temperature. The rate
minimum temperature appears to be a function of the hydrogen content in the
atmosphere.

2. The reduction product at 500-550 °C is porous, forming a spongy iron layer.

3. The reduction product above 700 °C is compact, with a thin iron layer on the
surface, and the scale is reduced primarily via outward migration of the scale—
steel interface.

4. The mechanisms of forming the above reduction products are not well
understood, and therefore, the reason of having a rate minimum at 600-700 °C
is still unknown.

5. The effect of scale structure on the reduction process has not been addressed.

The current study is therefore designed to compare the reduction behaviour of
two types of oxide scale structures: one representing the structure at the centre
location of the strip and the other representing the near-edge location, in different
H,—N, gas mixtures at 450-900 °C. This paper presents the results of scale
reduction in SH,%-N, at 650-900 °C.
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Experimental Procedures

Oxide scales formed on a hot-rolled steel strip containing 0.055C-0.23Mn-0.012Si
with a thickness of 7-8 pm are used in the current study. Figure 1 shows the
locations where the scale samples were taken. It was determined in a previous study
[10] that the scale structures at these locations were different, with the structure at
the centre region comprising a mixture of Fe;O,—Fe and that at the near-edge
location having a two-layered structure with an outer layer of Fe;O,4 and an inner
layer of Fe;O,—Fe mixture. The steel samples were sectioned to 25 x 20 mm
coupons for the reduction experiments.

The experiments were conducted in a horizontal tube furnace. High-purity
nitrogen and premixed 5%H,—N, gases supplied by BOC Australia were used. In a
typical experiment, the sample was loaded to the reaction zone after the target
temperature was reached. Preheating to the target temperature usually required
8—10 min. During preheating, high-purity nitrogen was used to prevent oxidation. It
was observed that there was a slight weight loss during preheating. A dummy
sample was then used for each temperature to record this weight loss, which was
used to calculate the true weight loss of the reduction reaction. A thermocouple with
its tip located near the sample was used to monitor the sample temperature. Upon
reaching the target temperature, 5%H,-N, flowing at 3 L min~' was turned on to
replace the high-purity nitrogen flow. For the temperature range of 650900 °C, the
gas flow rate in the range of 0.8-3 L min~' was found to have little effect on the
reaction rate. Therefore, the experiments were conducted in a flow rate of
0.8 L min~"' (corresponding to a linear velocity of 0.8 cm s~ ' at room temperature)
after the first minute flowing at 3 L min~'. At the end of each experiment, high-
purity nitrogen flowing at a rate of 5 L min~' was turned on to replace the reaction
gas flow, and the sample was withdrawn to the cold zone for cooling. After the
sample was cooled to a temperature below 150 °C, it was removed from the furnace.
The weight loss calculated by the weights measured before and after the experiment
was used to calculate the amount of scale reduced. Repeated experiments were
conducted for some conditions to confirm the results.

After the experiments, optical and scanning electron microscopies (SEM)
equipped with EDS (energy dispersive spectroscopy) were used to examine/
characterize selective samples. SEM images are not presented because it was found
that optical images could reveal sufficient details and provided better colour

Fig. 1 Locations of steel
samples taken for reduction
experiments. Region A: strip
centre—the scale comprises a
mixture of Fe;04—Fe throughout
its thickness, and Region B:
near-edge location—the scale
has two layers, with an outer
layer of Fe;O,4 and an inner layer
of Fe304—Fe mixture [10]
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Fig. 2 Selected images of scale samples after reduction experiments: a centre, 650 °C, b centre 700 °C, p
¢ near edge, 700 °C, d centre, 750 °C, e near edge, 750 °C, f near edge, 800 °C, g near edge, 850 °C and
h centre, 900 °C

contrasts between the iron layer (bright) and the wustite phase (dark grey). More
experimental details are reported elsewhere [16].

Results

Upon exposure to the reduction gas at all temperatures, the scale surface was
quickly covered with a layer of metallic iron and this colour appearance did not
change for longer exposure times, as shown in Fig. 2. The shortest times required to
obtain complete coverage of metallic iron on the surface for all temperatures are
listed in Table 1. It is seen that while the times were all very short, the time required
for the metallic iron to cover the near-edge samples was longer, but in all cases, the
durations were no more than 2 min.

The reduction rates for the scales at both locations are compared in Figs. 3 and 4.
Figures 3a and 4a compare the reduction kinetics within 60-90 min, whereas
Figs. 3b and 4b show the results for 4 h and longer. Note that the maximum
amounts of scale in each group of samples may differ, because they were taken from
different locations. When the weight loss curve starts to plateau, it indicates that the
scale is nearly completely reduced. We define the time when the weight loss curve
starts to plateau as the reduction completion time. The reduction completion times
for all samples are summarized in Table 2.

Figures (3, 4) and Table 2 show that, in general, (1) the scale at the centre
location was easier to reduce than that at the near-edge location. For example, the
completion time at 850 °C for the centre sample was 20 min, less than half of the
time required for the near-edge sample (45 min); (2) the reduction rates increased
with temperature to their maxima at 850 °C; (3) the reduction rates at 650-700 °C
were extremely slow: at 700 °C, the completion time was 4 h or longer, and an even
longer time (>10 h) was required at 650 °C, and (4) the reduction rates at 900 °C
were initially about the same as those at 850 °C but the rates decreased at a later
stage.

Parabolic plot of the kinetics data (Figs. 5, 6) revealed that the early stage
kinetics for both groups of samples was closely parabolic, suggesting that solid-
phase diffusion could be the control mechanism. Regression of the kinetics data
using the following equation,

W? = kpt + C (1)

where W is the weight gain per unit surface area in mg cm ™2, 7 is reduction time in
min, and C is a constant, yields the rate constant k, data (in mg2 cm™* min_l), as
listed in Table 3.

Arrhenius plots of the data in Table 3 are shown in Fig. 7. It is seen that the
mechanism controlling the kinetics at 650-750 °C appeared to be different from that
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Table 1 Time required for

complete coverage of the Temperature (°C) Time ()

surface with an iron layer Centre Near edge
650 t<10s 30 s <t <1 min
700 t<10s 30 s <t <2 min
750 10s<t<20s 30 s <t <2 min
800 t<20s 30 s <t <2 min
850 t<20s 20 s <t <1 min
900 40 s <t < | min 40 s <t < 1 min

(a)i2 (b) 2

Strip centre samples, in 5%H,-N, Strip centre samples, in 5%H,-N,

g
=}

o
©

0°C - D-C1 —-700°C - D-C4
750°C - D-C3 ——800°C - D-C2

~+#=850°C - D-C5 =#~900°C - D-C3

I
i

Weight loss, mg/cm?
o
(2]
o
iy
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o
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650°C- D-C1 -#-700°C- D-C4

o
)
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—4—-750°C- D-C3 ——800°C - D-C2
——850°C- D-C5 ~#—-900°C - D-C3
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0 20 40 60 80 0 100 200 300 400

Time, min Time, min

Fig. 3 Reduction kinetics of the scale taken at the strip centre location: a within the first 60 min and
b for longer experimental durations

at the higher temperature range. Linear regression of the kinetics data shown in
Fig. 7 yields the following rate constant expressions and the activation energies
obtained are listed in Table 4.

For the centre samples at 650-750 °C:

—259840 (L
kp = 3.01 x 10"exp {T(m"l)} mg” em™* min~! (2)

For the centre samples at 750-850 °C:

—138500(-%
kp = 1.87 x 10°exp [J} mg? cm~* min~! (3)
RT
For the near-edge samples at 650-750 °C:
—264520(-L
kp = 5.63 x 10" exp {T(mol)} mg” cm™* min~! 4)

For the near-edge samples at 750-850 °C:
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Fig. 4 Reduction kinetics of the scale taken at the near-edge location: a within the first 90 min and b for
longer experimental durations

Table 2 Reduction completion

time Temperature (°C) Centre (min) Near edge (min)
650 >330 >390
700 240 >240
750 60 90
800 30 45
850 20 45
900 20 >90
(a)+2 (b)>2 1 :
Strip centre samples, in 5%H,-N, 08 Strip centre samples, in 5%H,-N,
1.0
0.7
< <
NE 0.8 § 0.6
o0 -]
€ 6 ——650°C - D-C1 g 3
‘o . = 04
g —8-700°C - D-C4 H ——750°C - D-C3
g o4 s 03 —8-800°C - D-C2

02 ~4—850°C - D-C5
0.2
0.1 —<—900°C - D-C3
0.0 0.0 -
0 100 200 300 400 0 5 10 15 20 25

Time, min Time, min

Fig. 5 Parabolic plot of the early stage kinetics data shown in Fig. 3 for strip centre samples:
a 650-700 °C and b 750-900 °C
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Fig. 6 Parabolic plot of the early stage kinetics data shown in Fig. 4 for near-edge samples:

a 650-750 °C and b 800-900 °C

Table 3 Parabolic rate

constants obtained from the Temperature (°C) kp (mg2 om™* min_l)

early stage of reduction Centre Near edge
650 5.86 x 107* 5.50 x 107*
700 352 %x 1073 438 x 1073
750 1.60 x 1072 1.58 x 1072
800 336 x 1072 2.89 x 1072
850 6.82 x 1072 339 x 1072
900 559 x 1072 225 x 1072

850°C 750°C

_
Y

-
AN

650°C

'
N

-3 *
900°C
-4

Inkp(mgZcm“min)

.71 Reduced in 5%H,-N,

-8 ‘

Strip centre samples

8 9 10
10000/T, K*

11

Near edge samples

900°C

Inkp(mgZcm“min-)

Reduced in 5%H,-N,

-8

8 9 10 11
10000/T, K-

Fig. 7 Arrhenius plots of the rate constants in Table 3: a for strip centre samples and b for near-edge

samples
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Table 4 Comparison of activation energies

1

Sample Temperature Activation energy (kJ mole™ ') References
Centre 650-750 °C 259.8 This work
750-850 °C 138.5 This work
Near-edge 650-750 °C 264.5 This work
750-850 °C 73.55 This work
Iron diffusion in Feg 9g70 700-900 °C 124.3 [43]
Iron diffusion in Feg94O—Fe( 33O 900-1100 °C 122.9-143.3 [44, 45]
Oxygen in o-Fe 700-910 °C 238.5 [41, 42]
Hydrogen in o-Fe 20-770 3.84 [27]
Hydrogen in o-Fe 20-770 4.0 [28]

—73,550(L:

kp = 95.8 x exp{ RT m"')] mg?cm ™

min~! (5)

The activation energies within the range of 650-750 °C for both the centre and
edge samples are similar at about E5, = —260,000 J mole ™!, whereas the E A values
at 750-850 °C are significantly smaller, suggesting that different mechanisms could
be operating at different temperature ranges. In addition, the mechanisms
controlling the reactions at 900 °C for both samples could be also different from
those at 650-850 °C.

Selective scale structures obtained are compared in Figs. 8,9, 10, 11 and 12. The
sequence of scale structure development is systematically shown in Figs. 10 and 11
for the reduction of the centre and near-edge samples, respectively, at 800 °C.
Different microscopic features are marked in selective images in Figs. 10 and 12.
Upon exposure to the reduction atmosphere, an extremely thin metallic iron layer
formed on the scale surface. This metallic layer was too thin to see in some optical
micrographs and remained very thin throughout the reduction process. Instead of via
thickening of the surface iron layer, the scale reduction process proceeded in the
form of non-uniform scale—steel interface migration outward. Initially, the wustite—
steel interface (then wustite—iron interface) became wavy or undulating (Fig. 10a).
This was followed by outburst of metallic iron into the scale layer (Fig. 10b, c) and
with longer time exposure, metallic iron started to occupy the entire scale layer at
certain locations and divided the scale layer into scale islands surrounded by
reduced iron (Fig. 10d), and finally, the entire scale layer was reduced to iron by
consumption of the wustite islands (Fig. 10e). With the consumption of the wustite
islands, cavities were left inside the reduced iron layer and the original scale layer
became a mixture of reduced iron and cavities.

For the reduction in the near-edge scale at 900 °C, the iron layer on the surface
appeared to thicken more than those developed under other conditions and the
number of cavities left in the metallic iron layer was significantly fewer and the
volume fraction of cavities was smaller (Fig. 12e—f).
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(e)

Fig. 8 Selected scale structures after reduction at 650-700 °C: a centre sample, 650°C x 120 min,
%500, b centre sample, 650°C x 330 min, x1000, ¢ centre sample, 700°C x 240 min, x500, d near-
edge sample, 700°C x 30 min, x500 and e near-edge sample, 700°C x 120 min, 500X

Figure 13 gives a schematic illustration of the reduced scale structure develop-
ment throughout the reduction process. Such a reduction pattern was seen at all
temperatures (650-900 °C) and on both types of scales (Figs. 8, 9, 10, 11, 12).

Discussion

The observation of a persistently thin metallic iron layer on the scale surface,
followed by outward migration of the wustite—steel interface to complete the
reduction process, was surprising. One would have expected that the reduction
process would have started from the scale surface, forming a layer of reduced iron,
and then, the reduced iron layer would have thickened by consuming the scale layer
gradually from the surface inwards and eventually replacing the entire scale layer
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Fig. 9 Selected scale structures after reduction at 750 °C: a centre sample, 5 min, x500, b centre,
15 min, x500, ¢ centre sample, 100 min, x 1000, d near-edge sample, 5 min, x1000 and e near-edge
sample, 60 min, x500

with reduced iron. However, the actual observations made have contradicted this
expectation.

In the search for an answer, it was found that this apparently peculiar
phenomenon was observed nearly 70 years ago by Gellner and Richardson [17],
who studied the reduction behaviour of a wustite layer formed on pure iron in pure
hydrogen at 600-1060 °C. In that study, it was found that at 700 °C, reduction in
the wustite layer proceeded from the surface inwards as expected, forming a spongy
iron layer as the reduction product, whereas at 900 °C, a very thin film of iron
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Entire scale layer has been reduced toa——
mixture of reduced iron and porosities — 7

Fig. 10 Selected centre location scale structures after reduction at 800 °C for: a 1 min, x1000, b,
¢ 5 min, at two different locations, x 1000, d 30 min, x500 and e 60 min, x500

formed on the wustite surface first, then its growth soon ceased and the subsequent
reduction process proceeded outward from the inner iron—wustite interface.
Interestingly though, Turkdogan and Vinters could not observe the same
phenomenon in their later study of the reduction in partially oxidized iron strips
in pure hydrogen at 700-1200 °C [18]. The reason for this is unknown.

The observations made in the current study are consistent with that observed by
Gellner and Richardson [17] at 900 °C, but the temperature range where this
phenomenon is present has extended to 650 °C.

In interpreting their observation at 900 °C, Gellner and Richardson [17] believed
that there could be an oxide stability gradient across the wustite layer with the inner
wustite—iron interface being the least stable and the outer iron—wustite being the
most stable. Based on this assumption, the authors proposed that the reduction
process followed the following course: (1) removal of oxygen by hydrogen from the
surface of the oxide with resultant supersaturation of the oxide with iron; (2)
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(a)

|
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T owmg P . \
o e A e

Talates

Fig. 11 Selected near-edge scale structures after reduction at 800 °C for a 0 min, b 2 min, ¢ 15 min,
d 30 min and e 60 min. All at x500

nucleation of this excess iron to form a thin layer of metal on the surface; (3)
retardation of further reduction by the surface metal, which restricts access of
hydrogen to the oxide and the diffusion of water vapour away from it; (4) diffusion
of the excess iron, produced in the outermost layers of oxide by the continuing
reduction, into the body of the oxide; (5) when the temperature is high enough and
the diffusion rapid enough, preferential growth of massive iron outward from the
base metal, where the oxide is the least stable. While these five steps explained well
the observation, the assumption that the oxide at the inner scale-iron interface was
the least stable appeared to be questionable because with the presence of a reducing
atmosphere on the surface, it would be difficult to believe that the wustite—iron
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Fig. 12 Selected scale structures after reduction at 850-900 °C: a centre sample, 850 °C x 2 min,
b centre sample, 850 °C x 30 min, ¢ centre sample, 900 °C x 2 min, d centre sample,
900 °C x 10 min, e near-edge sample, 900 °C x 10 min and f near-edge sample, 900 °C x 30 min.
All at x500

interface further away from the atmosphere would have been more unstable than
that nearer to the atmosphere.

A slightly different observation was made by Richardson and Dancy [19] in
another study, where it was found that during reduction in an oxide layer of about
100,000 Ilattice spacings, metallic iron was not formed on the surface as the
reduction proceeded, but that the surface continued to consist of iron oxide for over
half of the total period of reduction. The results suggested that following the
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Fig. 13 Schematic illustration of the reduction process: a formation of a thin iron layer on the surface,
b development of a wavy wustite—reduced iron interface, ¢ some areas of the scale were reduced through
first and d entire scale layer was reduced to a mixture of reduced iron and cavities

removal of oxygen from the surface by the hydrogen gas, the excess iron atoms
preferred to migrate through the wustite lattice and deposited on the central metallic
iron before they could nucleate to form a separate phase on the surface. They
believed that such a phenomenon was associated with the high vacancy concen-
tration (5%) in wustite. It would be possible that during reduction, a concentration
gradient of vacant lattice sites was built up across the wustite layer with the value
being low at the surface, and 5% at the scale-iron core interface. A steady
movement of iron ions could then take up this gradient towards the iron core and
such a process appeared to be rapid enough to prevent the excess iron nucleation to
form a separate phase on the surface initially. For this observation, an explanation
was given by Hoar using a model analogical to steel oxidation as shown in Fig. 14
[20]. In this model, Hoar believed that the wustite reduction process was opposite to
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Fig. 14 Hoar’s models showing (a) (b)

mechanisms of a steel oxidation 0, H,

by oxygen forming wustite and 102 +2e- =0 Ho + 0 — HyO + 26~
2 - 2

b wustite reduction to iron by
hydrogen [20]

2e’ Fe ™ Fe 2e

Fe Fe

the iron oxidation process, with the former having hydrogen as the reaction gas and
the latter having oxygen as the reaction gas.

Wagner [21] also provided a description and interpretation of the observation
made by Geller and Richardson at 900 °C [17] with an emphasis on how the
metallic iron nucleates and grows into a continuous layer. He believed that there
was a quasi-steady state with the following consecutive reactions: (1) phase-
boundary reaction at the surface of the oxide with the reducing agent by which
either excess cations and electrons are formed, or cation vacancies and electron
holes are filled up. (2) Diffusion of cations and electrons towards the base of the
metallic nuclei in contact with oxide. (3) Phase-boundary reaction at the interface
between oxide and metal, i.e., transfer of cations and electrons into the metallic
phase. Surprisingly, while acknowledging and describing in details how the surface
metallic iron layer would nucleate and grow, Wagner did not discuss the subsequent
processes following the formation of a metallic iron layer. Clearly, the interpretation
given by Wagner is more suitable for explaining the observations made by
Richardson and Dancy [19] where a continuous layer of metallic iron has not
formed on the surface. Edstrom also had a brief discussion of the reduction
mechanism with general agreement with those of Wagner [22].

The observations made in the current study are consistent with that of Geller and
Richardson at 900 °C [17] as we observed that a metallic iron layer swept through
the surface within a very short time (within 20 s to 2 min), although the duration
required was longer for the near-edge samples. From the observations made and
after taking into consideration of the views of others, the reduction process observed
in the current study appears to follow several consecutive steps, as discussed below.

(1) Transformation of the scale into a single wustite layer.

It is known [10, 11] that the scale structure at the centre location typically
comprises a single layer of Fe;0,—Fe mixture, whereas the scale at the location near
the edges comprises an outer layer of magnetite and an inner layer of Fe;O4—Fe
mixture. The scale structure difference determines their different oxygen concen-
trations, as shown in the Fe—O phase diagram in Fig. 15 [23]. For the scale taken at
the strip centre location, the oxygen content should be one that corresponding to that
near the left-hand side boundary (= <51.38 at%) because during slow cooling in the
steel coil after rolling, due to depletion of oxygen at the centre locations, the iron
content in the wustite layer would have been equalized with the steel substrate
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Fig. 15 Partial Fe-O phase diagram [23]

[10, 11]. Upon heating to a temperature above 600 °C, such a structure would be
transformed into a single wustite layer quickly with a nearly constant oxygen
concentration across its thickness [24].

As with the scale near the strip edges, oxygen ingress to the strip edge regions
during cooling after coiling had allowed the formation of a thin magnetite layer on
top of the wustite layer, and consequently, the average oxygen content of the scale is
located at a point between the eutectoid point of 51.38 at% and the magnetite
composition of 57.14 at%, depending on the relative thickness of the magnetite
layer. Upon heating to the reduction temperature, the magnetite layer would react
with the adjacent wustite phase to form an oxygen-rich wustite. Depending on the
reduction temperature, the composition of this oxygen-rich wustite could vary from
52.1 at% at 650 °C to nearly 53 at% at 900 °C (Fig. 15). If the magnetite layer was
thin, it would be converted into oxygen-rich wustite completely. As a result of this,
an oxygen concentration gradient would develop in the wustite layer with its lowest
concentration at the wustite—steel interface and highest on the surface, as will be
later shown in Fig. 23a.

(2) Initial reaction to form a continuous iron layer on the surface.
Upon exposure of the oxide scale to 5%H,—N, gas, hydrogen reacted with the
oxygen component of the oxide to form water vapour:
(O + H2 — H20 + 2e” (6)

The alternative expression of Eq. (6) is,
Fe;_,0 + H, — (1 — y)FeTs" + Hy0 + 2~ (6)

In the case of centre sample reduction, because its oxygen content is relatively
low and close to the equilibrium level of 51.38 at%, Reaction (6) would result in
supersaturation of iron at the surface layer of wustite quickly. When the excess iron
could not diffuse away quickly, it would nucleate to form metallic iron which would
then grow via iron surface diffusion as discussed by Wagner [21]. As a result, the
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surface would be covered by a layer of metallic iron quickly. In the current study,
the iron layer nucleated near the edge facing the hydrogen flow (Fig. 2c, h) and then
swept over the entire surface, as illustrated in Fig. 16a, within 10-20 s at
650-850 °C and 40-60 s at 900 °C.

In the case of near-edge sample reduction, its surface either had an oxygen
concentration >51.38 at% or was covered with a thin magnetite layer initially
(Fig. 16b). In the former, upon exposure of the oxide scale to hydrogen, Reaction
(6) would first remove the excess oxygen from the surface before it became
supersaturated with iron. In the latter, the thin magnetite layer would be reduced to
wustite first; then, the excess oxygen would be removed as the second step and
finally the wustite would become supersaturated with iron to allow metallic iron to
nucleate and grow in a manner similar to that of centre location samples (Fig. 16b).
As a result of the additional steps involved, the duration for metallic iron to cover
the entire scale surface would be expected to be longer, as also observed in the
actual experiments (Table 1).

(3) Continuation of the reduction process by outward diffusion of oxygen through
the thin iron layer to the surface to react with hydrogen, assisted by iron
diffusion through the wustite layer.

After the formation of the surface iron layer, direct contact between the reduction
gas and the oxide was terminated. However, the reduction process continued and
essentially followed the parabolic rate law at the early stage, as shown in Figs. 3, 4,
5 and 6.

The most peculiar phenomenon revealed was that the surface iron layer remained
very thin throughout the reduction process at all reaction temperatures, while the
oxide layer was consumed gradually by outward migration of the inner wustite—steel
(then wustite—iron) interface. The immediate interpretation of this observation,
following the arguments of previous researchers [17, 19-21], was that excess iron

(@) 5H>-N;
Fe.,0 Reduced Fe,,0 Reduced
iron Y . Fe.,0
- '_":"
Steel Steel Steel
(b)
Fes0 5H,-N, ;
Reduced
Fes,0 Fe,,,O Fe.,0 irz nu ce
- -
Steel Steel Steel

Fig. 16 Schematic illustration of the initial reduction period for a centre location samples and b near-
edge samples
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ions, generated at the outer iron—wustite interface, diffused through the wustite layer
and deposited in the inner iron core.

However, from the thermodynamic point of view, after the formation of an iron
layer on the surface, if both of the outer and inner iron—wustite interfaces had
reached the same degree of local equilibrium, then the oxygen potentials at these
two interfaces would have been identical and there would have no driving force for
iron to diffuse from one interface towards another.

To determine the controlling mechanism for the reduction process, Hoar’s model
(Fig. 14) [20] was modified to include a layer of iron on the wustite surface in
Fig. 17 to illustrate the possible reaction steps involved. As compared with Fig. 14,
two additional diffusion processes, inward diffusion of hydrogen atoms [H] and
outward diffusion of oxygen atoms [O] through the surface iron layer, have been
added.

Although the solubility of hydrogen in iron is extremely low at room
temperature, it increases rapidly with temperature [25, 26]. In addition, the
diffusivity of hydrogen in a-iron is relatively high at about 10~* cm? s~' at 650—

900 °C [25, 27-29]. This equates to a diffusion distance of x = /Dt = 0.01 cm, or
100 pm, per second. In other words, with its rapid diffusion rate, hydrogen can
dissolve and saturate in the thin iron layer (less than 1 pm thick) quickly.

However, if water vapour, the reaction product between hydrogen and the
wustite, cannot form and escape, Reaction (6) cannot proceed. The presence of
saturated hydrogen in the surface iron layer does not result in a lower oxygen
activity or equilibrium oxygen potential at the iron—wustite interface. Therefore,
even at the saturated level, dissolve hydrogen had no effects on the reduction
process.

Reduction of bulk wustite and other iron oxides had attracted many previous
studies [30-34]. It was found that when pure wustite was exposed to a reducing
atmosphere (H,—H,O or CO-CO, mixture), no matter what reaction product was
finally obtained, a dense iron layer always formed on the wustite surface first. The
formation of this dense iron layer had a profound negative effect on the reduction

5H,-N,
H, - 2[H] N - H, +[0] = Hy0
Reduced iron [H] |, Mo) 0= =[0]+2¢"
Fe;_,0 - (1 —y)Fe** + 0=
Fel_yo Fe 2z 2e

Fe?* 4+ 2e™ - Fe
Reduced iron

\ Original scale-

Steel .
steel interface

Fig. 17 Possible diffusion processes and reactions involved in the reduction of wustite scale to iron
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kinetics, because in the subsequent process, the remaining oxygen in the bulk oxide
could be removed only by slow oxygen diffusion through the iron layer.

From the Fick’s first law, the diffusion flux of oxygen from the iron—wustite
interface to the iron surface, Jge, is expressed as,

CFefFeO _ CFefGas

(6] o 2 1

molescm™~ s (7)

Fe Fe
Jo =D
o X

where Ci 0 = the oxygen concentration in iron in equilibrium with thermody-
namically stable wustite (moles cm ™), Cly #* = the oxygen concentration in iron
at the gas—iron interface (moles cm™>), DEs = the diffusion coefficient of oxygen in
solid iron (cm2 s”), and x = the thickness of the dense iron layer, cm.
In the presence of hydrogen at the gas—iron interface, C5*F0 > CFe=6% and
Eq. (7) is reduced to:
Fe—FeO
J&& = DE OT molescm 25! (7

Since the solubility [35-37] and diffusivities [35-39] of oxygen in solid iron are
very low, the reduction rate of bulk wustite following the formation of a surface iron
layer was significantly lowered, and from Eq. (7°), the oxygen flux is inversely
proportional to the iron layer thickness. As a result of this, the subsequent reduction
process becomes extremely slow and difficult [34].

As compared to the situation of bulk wustite reduction, the reduction in wustite
scale had a distinct difference and advantage, which is the presence of a steel
substrate as an iron core between the scale layers. The results observed in the
current study revealed that the iron core had promoted the reduction process by
allowing iron ions to diffuse through the wustite layer and deposit on it, thus
maintaining a very thin iron layer on the surface. Eq. (7’)shows that if the iron layer
thickness x remains very thin, a relative large and constant iron flux can be
maintained even when both Df and Ci~© are small.

In the discussion of iron diffusion through the iron layer formed on bulk wustite
[30-34], the iron concentration in the metallic iron at the wustite—iron interface was
always assumed to be the saturated oxygen concentration in equilibrium with the
thermodynamically stable wustite phase at the reaction temperature, having a nearly
constant composition of about FeyosO [11] (Fig. 15). This condition would be
automatically fulfilled if the oxygen flux diffusing away from the interface was not
too large, as schematically shown in Fig. 18a.

However, in the situation where the oxygen flux diffusing away from the iron—
wustite interface was large (especially when x is very small) and exceeded the
supply rate of oxygen released from the wustite phase through the following
interface reaction (Fig. 17),

0~ =[0] +2e (8)

the oxygen concentration at the interface on the iron side would be lowered to one
less than the saturated oxygen concentration in equilibrium with the thermody-
namically stable wustite. Corresponding to this oxygen concentration reduction, if
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Fig. 18 Two scenarios of the Fe-Fe;_,0 interface conditions: a when the oxygen flux diffusing away
from the Fe-FeO interface J5¢ is low and the iron flux crossing the FeO-Fe interface J5O~F¢ via
Reaction 8 is sufficiently high to maintain the saturated iron concentration at the interface (C, = CFe~Fe0
in equilibrium with Fe( 950), Po,1 = Po,n. In this case, there is no driving force for iron to diffuse
through the waustite layer, b when the oxygen supply rate crossing the FeO-Fe interface J5°~F via
Reaction 8 is relatively low, the interface oxygen concentration of the iron layer will be lowered to
C},<C§e’Feo to meet the condition of J(F)e = J(];eOHF ¢, in this case, Po,1 <Po,n which will become a
driving force for iron diffusion from the outer Fe-FeO interface to the inner FeO-steel interface. Po,; and
Po,n are the oxygen potentials at the outer Fe-FeO and inner FeO—Fe interfaces, respectively

local equilibrium is still established at the interface, the oxygen concentration of the
wustite at the interface would be also lowered to a level corresponding to a
metastable wustite phase containing supersaturated iron with a lower oxygen
activity or lower oxygen potential. In this way, an oxygen potential gradient is
established between the two wustite—iron interfaces, as illustrated in Figs. 18b and
19.

Applying Wagner’s oxidation theory [20, 21, 40] to the current situation, when
an oxygen potential difference Pg,; — Po,; is established between the two
interfaces of the wustite layer, iron will diffuse from one interface to another.
When Pg,;; <Po,;, iron diffuses outward as in steel oxidation, and when
Po,i1 > Po,;, it would be expected that iron would diffuse inwards, as also
suggested by Hoar [20] in Fig. 14.

Based on above discussion, we believed that (1) the very thin nature of the iron
layer formed on the wustite surface observed in the current study had allowed iron
to diffuse rapidly through it, thus lowering the oxygen concentration/potential at the
outer iron—wustite interface and provided a driving force for iron diffusion through
the wustite layer, and (2) diffusion of iron through the wustite layer had allowed the
surface iron layer to maintain its very thin nature, thus maintaining a relatively rapid
reduction process, much more rapid than that of bulk wustite reduction.

Clearly, when this mechanism was in operation and the system reached a quasi-
steady state as termed by Wagner [21], the wustite layer across its thickness would
be all supersaturated with iron with the degree of supersaturation decreasing
towards the inner wustite—iron interface. Under such a situation, any outbursts of
metallic iron from the inner wustite—iron interface into the wustite layer (as a result
of iron deposition at this interface) would be growing at an even more rapid speed
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because the further they grew, the higher the degree of iron supersaturation in the
wustite phase these outburst fronts would encounter. The growth of these outbursts
then relied not only upon iron diffusion from the outer iron—-wustite interface, but
also from the precipitation of supersaturated iron from the surrounding wustite
phase. This explains the reason why an undulating inner wustite—iron interface
always developed in the reduction process, as shown in Figs. 8, 9, 10, 11, 12 13, 17
and 19. In addition, metallic iron nucleation and growth within the
metastable wustite layer would be also possible. Such nucleation and growth have
been also seen in the scale structures shown in Figs. 8a, b, 9a, b, d, 10b, ¢ and 11d.

From the Arrhenius plots of the kinetics data in Fig. 7, it can be seen that the
diffusion mechanisms controlling the reduction process were different at different
temperature ranges for both the centre and near-edge samples. At the range of
650-750 °C, the activation energies were 259.8 and 264.5 kJ mole™! for the two
groups of samples, respectively. These values are close to that for oxygen diffusion
in o-Fe, which is 238.5 kJ mole™' [41, 42], suggesting that outward oxygen
diffusion through the newly formed iron layer was likely the control mechanism.
Under these conditions, it appeared that once a steady state (surface iron layer
thickness and interface equilibrium) was established, the rate of oxygen diffusion
through the iron layer determined the reduction rate and controlled the reduction
process.

At the range of 750-850 °C for the reduction of the centre location samples, the
activation energy was significantly lower at 138.5 kJ mole™'. This value was close
to that for iron diffusion in wustite, which was in the range of
122.9-143.3 kJ mole™ " [43-45]. The activation energy for the reduction of the
near-edge location samples at 750-850 °C was even lower at 73.55 kJ mole ™. Tron
diffusion in wustite does not result in direct weight loss from the scale samples and
would not have a direct contribution on the reduction kinetics. Its contribution
probably was made through affecting the rate of interface reaction represented by
Eq. 8 and consequently affecting the oxygen concentration of iron at the interface
and finally the diffusion rate of oxygen through the iron layer according to Eq. 7.

5H,-N,
POzD
Reduced iron 1‘[0]
POZI
Fe,,0 Fe ™ ¢ p Py, ;> P
€1y 0,11 = Po, 1 05 0
Pozn

Reduced iron

Steel

Fig. 19 Schematic illustration of wustite reduction to iron controlled by oxygen diffusion through the
surface iron layer, assisted by iron diffusion across the wustite layer to maintain a thin iron layer on the
surface
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Namely, a greater iron flux through the wustite layer would lead to lower
supersaturation of iron or greater oxygen concentration in wustite at the interface
and hence increased interface reaction rate to release oxygen into the adjacent iron
phase. This in turn would increase the oxygen concentration in the surface iron layer
at the interface, thus increasing oxygen flux through the surface iron layer. At the
same time, as more iron had diffused away through the wustite layer, less iron
became available to growth the surface iron layer, thus maintaining a thin iron layer
on the surface and a steeper oxygen flux to the surface. On the other hand, a
decreased iron flux through the wustite layer would lead to greater supersaturation
of iron or decreased oxygen concentration in the wustite phase at the iron—wustite
interface and hence lower rate of interface reaction to release oxygen into the iron
phase. At the same time, more iron became available to grow the surface iron layer,
increasing its thickness. In this way, the overall reduction rate is decreased.

The reduction rates at 900 °C for both groups of samples were slower or at least
no greater than those at 850 °C. It is likely that at this temperature, the rate of
interface reaction was more rapid, leading to a higher oxygen concentration in the
iron phase. Consequently, the oxygen potential difference across the wustite layer
was decreased, leading to a decreased iron flux through the wustite phase. As a
result, the surface iron layer thickness was increased, as shown in Fig. 12d, e, and
consequently, oxygen flux diffusing through the iron layer was decreased.

(4) Reduction of the remaining wustite islands and porosity formation.

Towards the end of the reduction process, with further outward migration of the
undulating inner wustite—iron interface, most of the wustite layer was reduced to
iron with only some isolated wustite islands left, as schematically shown in Fig. 20.

Loss of oxygen from the wustite islands resulted in their volume shrinkage and
generated cavities adjacent to them. Once cavities were generated, hydrogen
transport through the reduced iron layer then could play a part in the reduction
process because the product of its reaction with wustite (water vapour) could now be

5H,-N,

Fe 1, Oislands

Reduced F o = Reduced B
iron €1y M iron 7/ “a

Fe 1, Oislands

b ZZ N cavities
Steel Steel Steel
|n.ner Original
w.usute—lron wustite-steel
@) interface (b) interface (c)

Fig. 20 Schematic illustration of various stages in the reduction in wustite: a initial stage with the
formation of a surface iron layer, b early stage with the outward migration of the inner wustite—reduced
iron interface, leaving some small wustite islands behinds and ¢ most of the wustite layer was reduced,
with some remaining wustite islands (attached with cavities) left behind. Small cavities were formed after
the small wustite islands were reduced to iron

@ Springer



712 Oxid Met (2017) 88:687-717

stored in the cavities, as illustrated in Fig. 21. It is well known that iron is permeable
to hydrogen gas and as discussed earlier, hydrogen diffusion is rapid [25-28]. It was
therefore possible for hydrogen to diffuse through the several micron thick iron
layer to occupy the cavities generated and participate in the reduction process.

From the microscopic point of view, the diffusion processes and reactions
illustrated in Figs. 17 and 19 also apply to the reduction process of wustite islands
by hydrogen gas stored in the cavities. However, it must be noted that if the reaction
product water vapour is also stored in the cavity, then there is no net weight loss of
the sample and the reaction kinetics would not be detectable using the weight loss
method, and more importantly, once sufficient water vapour is generated, the
reduction reaction according to Eq. 6 will cease when the arriving hydrogen gas and
the generated water vapour reach equilibrium. For the reduction process to continue,
oxygen must be diffusing away from the cavities or from the surface of the wustite
islands, and therefore, the control mechanism of this final stage was most likely the
outward diffusion of oxygen through the reduced iron layer. When some of the
wustite islands were buried deep in the reduced iron layer, the final process would
become tedious because the rate of oxygen diffusion through a thick iron layer
would be very slow, as discussed earlier.

(5) Effect of scale structure on the reduction rate.

From the kinetics results, it is clear that the reduction rates of the near-edge
samples were constantly lower than those of the centre samples. Repeated
experiments at a later study [46] have confirmed these observations, as illustrated in
Fig. 22 where the reduction kinetics at 850 °C in 5%H,—N, under a gas flow of
3 L min~' is presented.

To assist in the discussion, the evolution of oxygen concentration gradient in the
wustite layer of a near-edge sample in a reduction process is illustrated in Fig. 23.

5H,-N,

Hy + [0] » H,0 H2 = 2[H]

M
[o]| [O]

2[H] - H,

H,0 - H, + [0]
H,-H,0 mixture

Reduced iron Fo 2 Fel-vo\l/Ze'
H, +[0] - H,0

Fe?* +2¢e > Fe —

Original scale-steel interface
Steel

Fig. 21 Schematic illustration of cavity formation as a result of wustite island reduction. For the reaction
and diffusion process at or through the thin iron layer between the cavity and the wustite phase (not
shown), refer to Figs. 17 and 19

@ Springer



Oxid Met (2017) 88:687-717 713

Fig. 22 Comparison of the 9.0
reduction rates of centre and 8.0
near-edge location scales at

850 °C in 5%H,—N, flowing at a 7.0

rate of 3 L min~' [46]

6.0 850°C in 5%H,-N,

Average scale thickness reduced, pm

5.0
4.0
3.0
2.0
—+—Centre - 5H2-N2 - 3L/min
1.0
~#—Near edge - 5H2-N2 - 3L/min
0.0
0 50 100 150 200
Time, min
5H2-N; Fe,,O Steel 5H-N; |Fe| Fe;,0 Steel
¥>0.05 [ _
~o ~o
S 4 S
~< / ~.o
~\~\ ! RN
~~1v=0.05 R A
_______ Y=0.05 [ ————
— /|
C, =Cye"e
Co — C:e—gas o o
(a) (b)
5H>-N, Fe.,O Steel 5H,-N, |Fe] Fe.,0 Steel
Y<0.05 ¥<0.05
_-="" "~{y=0.05 Ve ¥=0.05
_______ _ C. = CFe—FEO
) S C, = cke-Feo /,\‘\ o= Lo
Fe—Fe0 Fe—Fe0
C, = C;'e—gas Co <o c, = C:e—gas C, < Cpe "¢

(c) (d)

Fig. 23 Schematic illustration of oxygen concentration gradient evolution in the wustite layer on a near-
edge sample: a initial stage—two-layered scale structure transformed into wustite. The entire wustite
layer was oxygen rich (¥ > 0.05) with the highest oxygen concentration on the surface: b very early
stage—reduction with SH,—N, gas, forming an iron layer on the surface. The oxygen concentrations on
both sides of the interface were determined by the FeO-Fe equilibrium, but the majority of the wustite
layer was still oxygen rich (Y > 0.05), ¢ later stage—the rate of interface reaction to release oxygen into
the iron phase could not keep up with rapid diffusion of oxygen away from the Fe-FeO interface, and
therefore, the oxygen concentrations on both sides of the interface were lowered to the levels below those
determined by the FeO—Fe equilibrium. However, the inner part of the wustite layer was still oxygen rich,
and d much later stage—the oxygen concentrations across the wustite layer were decreased to levels
lower than that determined by the FeO-Fe equilibrium, reaching the state that was similar to the initial
state of centre sample reduction. A composition of FeposO (Y = 0.05) is approximated as the
thermodynamically stable wustite at all temperatures [11]
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As discussed earlier, the initial oxygen concentration gradient in the wustite scale of
the near-edge samples is different from that in a centre location sample, as shown in
Fig. 23a, with the oxygen concentration at the surface being the highest. With its
higher oxygen concentration on the surface (than that in the centre samples), the
duration for it to become iron rich (supersaturated with iron) is longer.

After the formation of the surface iron layer, the rate of further reduction is
determined by the rate of oxygen diffusion away from the iron—-wustite interface,
and the excess iron released at the surface layer of the wustite will first to diffuse
into the wustite layer to lower the oxygen concentrations in the oxygen-rich regions,
as shown in Fig. 23b, c, before depositing at the inner FeO—Fe interface (Fig. 23d).
Note that for the convenience of illustration, ¥ = 0.05 is used in Fig. 23 to represent
the wustite concentration that is in equilibrium with the adjacent metal iron phase at
any reaction temperature. Once the concentration gradient is changed to that shown
in Fig. 23d, further reduction process will follow a similar trend to that of the centre
location sample. The additional steps required to reach the state of centre location
sample reduction should account for most of the longer reduction duration required.

Different iron diffusivities in the two wustite structures could also have some
contributions to the different reduction rates observed. From the experimental
results of Chen and Peterson [44, 45], the self-diffusion coefficient of iron in wustite
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is a function of wustite composition, decreasing with increased oxygen concentra-
tion. The effect is more significant at 800 °C (Fig. 24a) than at 1000-1200 °C and
could be more significantly at even lower temperatures, as shown in Fig. 24b [45]. It
is seen that at 800 °C the self-diffusion coefficient of iron in wustite was reduced by
half when the y value was increased from 0.055 (Feg 9450) to 0.102 (Feg gogO).

Conclusions

This study examines the reduction behaviour of oxide scale on hot-rolled, low-
carbon steel in flowing 5%H,-N, gas at 650-900 °C, leading to the following
conclusions:

1. The reduction behaviour of the scale at different locations was similar, but the
centre location scale was reduced more rapidly than the near-edge location
scale.

2. The reduction rates for both groups of scale at 650 °C were very low, increased
with increased temperature, reached their maxima at 850 °C and then decreased
slightly again at 900 °C.

3. The shortest durations required to achieve nearly complete reduction at 850 °C
were 20 and 45 min for the scales at the centre and near-edge locations,
respectively.

4. Under all conditions, a very thin iron layer quickly formed at the very beginning
of the reaction (<20 s for the centre location samples and no more than 2 min
for the near-edge samples) and the subsequent reduction process proceeded via
outward migration of the scale—steel interface.

5. TIron diffusion through the wustite layer to deposit on the steel substrate allowed
the very thin nature of the surface iron layer to be maintained. It was believed
that the more rapid oxygen diffusion rate through the thin surface iron layer
than the oxygen release rate through the iron—wustite interface reaction resulted
in a lower oxygen potential at the outer iron—wustite interface, thus providing a
driving force for iron ions to diffuse through the wustite layer.

6. Judging from the activation energies obtained, oxygen diffusion through the
surface iron layer was the control mechanism for both the centre and near-edge
samples at 650-750 °C, whereas iron diffusion through the wustite layer was
likely the control mechanism at 750-850 °C.

7. At 900 °C, the iron—wustite interface reaction could be more rapid, leading to
higher oxygen concentration in the surface iron layer at the interface, reduced
iron flux through the wustite layer and therefore a thicker iron layer on the
surface. As a result of this, the reduction rate became even lower than that at
850 °C.

8. Higher oxygen concentrations in the initial wustite phase in the near-edge
samples are believed to be responsible for the much lower reduction rates than
those of the centre location samples.

9. The final stage of slow reduction of both types of scale was most likely
controlled by oxygen diffusion through the reduced iron layer to the surface to

@ Springer



716 Oxid Met (2017) 88:687-717

reduce the remaining wustite islands embedded. Porosities were generated as a
result of reduction of the isolated wustite islands.
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