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Abstract: The solidification microstructure, grain boundary segregation of soluble arsenic, and characteristics of arsenic-rich phases were
systematically investigated in Fe—As alloys with different arsenic contents and quenching temperatures. The results show that the solidifica-
tion microstructures of Fe—0.5wt%As alloys consist of irregular ferrite, while the solidification microstructures of Fe—4wt%As and
Fe—-10wt%As alloys present the typical dendritic morphology, which becomes finer with increasing arsenic content and quenching tempera-
ture. In Fe—0.5wt%As alloys quenched from 1600 and 1200°C, the grain boundary segregation of arsenic is detected by transmission electron
microscopy. In Fe-4wt%As and Fe-10wt%As alloys quenched from 1600 and 1420°C, a fully divorced eutectic morphology is observed,
and the eutectic Fe,As phase distributes discontinuously in the interdendritic regions. In contrast, the eutectic morphology of Fe—10wt%As
alloy quenched from 1200°C is fibrous and forms a continuous network structure. Furthermore, the area fraction of the eutectic Fe,As phase

in Fe—4wt%As and Fe—10wt%As alloys increases with increasing arsenic content and decreasing quenching temperature.
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1. Introduction

Arsenic is one of the common residual elements in steel
and mainly comes from iron ore, scrap steel, ferroalloy, and
other furnace charge [1]. With the recycling of scrap steel
and the utilization of iron ore containing arsenic, the detri-
mental effects of residual elemental arsenic on the me-
chanical properties of steel are receiving more and more at-
tention. Nevertheless, arsenic is difficult to remove in the
current steelmaking process and thus tends to remain in the
final steel products. Due to microsegregation and grain
boundary segregation, high concentrations of arsenic
weaken grain boundary cohesion and cause the embrittle-
ment of steel.

The temperature from which the liquid alloy is quenched
affects the solidification microstructures as well as phase
selection, thereby influencing the final mechanical proper-
ties. At present, many studies about the effects of element
content and solidification cooling method on microstructure
and the segregation or precipitation of alloy elements have
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been performed for Fe-based binary alloys such as Fe—P [2],
Fe-Sn [3-4], Fe—Cu [5-6], Fe-Nb [7], Fe-B [8-9], and
Fe—Cr [10] alloys; only a few studies have been carried out
on Fe—As alloy. Subramanian et al. [11] investigated the
dendritic segregation characteristics of Fe—10wt%As alloys
quenched from various temperatures. Yin [12] found eutec-
tic arsenide in the upper part of the ingot with 6wt%As. The
systematic investigation on the solidification microstructure,
the segregation of soluble arsenic in the grain boundary, and
the characteristics of arsenic-rich phases in Fe—As binary
alloys will be greatly beneficial in understanding the
mechanism of action of arsenic in steel. It is also essential to
thoroughly study the microstructure and distribution of ar-
senic in Fe—As alloys in order to control the harmfulness of
arsenic in steel. However, the effects of arsenic content and
quenching temperature on the solidification microstructure
and distribution of arsenic in Fe—As alloys have not been
determined.

In the present paper, the solidification microstructures of
Fe—As binary alloys with different arsenic contents and
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quenching temperatures are systematically studied. Fur-
thermore, microsegregation and grain boundary segregation
of soluble arsenic in Fe—As alloys with low arsenic contents
are investigated along with the compositions, morphologies,
and amounts of arsenic-rich phases in Fe—As alloys with
high arsenic contents.

2. Experimental

Fe—As alloys were prepared from pure iron and high pu-
rity arsenic (99.9999wt% As) using a high-temperature mo-
lybdenum resistance furnace and an FP93 series automatic
temperature controller with an accuracy of + 2°C. About

300 g of pure iron was melted at 1600°C under a purified
argon atmosphere in an Al,O; crucible with a diameter of 40
mm and a depth of 100 mm. After stabilization of the melts
at 1600°C for 5 min, high purity arsenic was added to pro-
duce melts with different arsenic contents. After holding for
10 min, the melts were cooled to different temperatures in
the furnace by turning off the power. After quenching with
water, ingots of 35 mm in diameter and 42 mm in height
were obtained. Table 1 shows the main chemical composi-
tions and cooling methods of the prepared alloys. The
Fe—As alloys with different arsenic contents and quenching
temperatures in this study are labeled with solid circles in
the Fe—As binary phase diagram (Fig. 1).

Table 1. Chemical compositions and cooling methods of the Fe—As alloys

As content / wt% .
Cooling method
Fe—0.5%As Fe-1.5%As Fe—4%As Fe-10%As
0.51 1.50 3.88 9.52 Water-quenching from 1600°C to room temperature
051 150 388 9.53 Furnace-cooling from 1600°C to 1420°C, then holding
' ' ' ' for 10 min followed by water-quenching
0.50 151 375 9.18 Furnace-cooling from 1600°C to 1200°C, then holding
' ' ' ' for 10 min followed by water-quenching
0.52 1.49 376 9.20 Furnace-f:oohng from 1600°C to 859 C, then holding
for 10 min followed by water-quenching
1600°C H [ l manually pre-thinned to 30 wm using waterproof SiC paper.
1538°C | Finally, 3-mm discs were thinned in a twin jet electro-
o 1394°C | | L polisher using a solution of 5vol% perchloric acid and
< f } 95vol% ethanol at —25°C at a voltage of 30 V. For the
L
fg | | analysis of grain boundary chemistry, the electron beam
g o°Clyy | i spot was adjusted to a diameter of about 1.5 nm, and several
EJ 1| | wre )12 30 grain boundaries for each sample were analyzed to ensure
| | 0-Fe + AsFe, . accurate results.
1 | : The compositions, morphologies, and area fractions of
200°C \ \ ‘ | ‘ ‘ arsenic-rich phases in samples with high arsenic contents
0 4 10 20 30 40 : : : : : : _
Fe Contont / wit% ‘As were investigated using SEM with energy dispersive spec

Fig. 1. Fe—As binary partial phase diagram [13].

After the experiments, the samples were cut at a distance
of 13 mm away from the bottom of the ingots. The samples
were then mechanically ground, polished, and etched with
4vol%—10vol% Nital for metallographic and scanning elec-
tron microscopy (SEM) observation. The distributions of
arsenic in the Fe—As alloys with low arsenic contents were
determined by electron probe microanalysis (EPMA;
JXA-8230) and transmission electron microscopy (TEM,;
JOM 2011). The EPMA analysis was performed on an area
0f 0.49 mm x 0.49 mm (350 points x 350 points). For TEM
examination, 0.4 mm-thick slices were first cut from the
samples using a spark line cutting method. They were then

troscopy (EDS) and X-ray diffraction (XRD). Ten
back-scattered electron (BSE) images were randomly se-
lected for each sample etched by 10vol% Nital. The area
fraction of the arsenic-rich phase was taken as the average
value of 10 images. XRD was carried out on a TTR III
multi-function X-ray diffractometer with Cu K, radiation at
40 kV and 300 mA. The samples were scanned in the 26
range of 30°~120° with a scanning speed of 10°min™ and a
step space of 0.02°.

3. Results and discussion
3.1. Solidification microstructures of Fe—As alloys

The solidification microstructures of Fe—As alloys are
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significantly influenced by the arsenic content. Fig. 2 shows creases from 0.5wt% to 10wt%. Massive primary a-Fe den-
the microstructural changes of Fe—As alloys with increasing drites and secondary dendrite arms can be clearly observed,
arsenic content. The microstructure of the Fe-As alloys especially when the content of arsenic is 4wt%.

quenched from 1420°C changes from irregular ferrite to The microstructures of Fe—0.5wt%As alloys are not af-
fully-developed a-Fe dendrites as the arsenic content in- fected by quenching temperature, as shown in Fig. 3. The

(@)

(a) (b)

Fig. 3. Microstructures of Fe—0.5wt%As alloys quenched from different temperatures: (a) 1600°C; (b) 1420°C; (c) 1200°C; (d) 850°C.
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microstructures of Fe—0.5wt%As alloys are all ferrite with
grain sizes ranging from 100 to 300 um. According to the
Fe—As binary phase diagram (Fig. 1), the liquidus tempera-
ture of Fe—0.5wt%As alloys is about 1530°C, and this alloy
displays a narrow freezing range. Thus, Fe-0.5wt%As al-
loys quenched from 1420, 1200, and 850°C are all located
in the solid phase region before quenching. This explains
why the solidification microstructures shown in Figs.
3(b)-3(d) are quite similar.

The microstructural variation among the Fe-4wt%As and
Fe—10wt%As alloys with different quenching temperatures
is shown in Fig. 4. It should be noted that the microstruc-
tures of Fe—4wt%As and Fe—-10wt%As alloys with the lower
quenching temperatures are not given because their micro-
structures are difficult to be etched out using 10vol% Nital.
It can be seen from Fig. 4 that a clear dendritic morphology
is observed in the alloys. Furthermore, the white network

T \“\,,‘Z;_,.-),’;)'_ tf</, A
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structure is clearly observed in the Fe—10wt%As alloy
quenched from 1200°C (Fig. 4(e)). Therefore, it can be con-
cluded that the microstructures of Fe—As alloys with high
arsenic contents are composed of a-Fe dendrites and inter-
dendritic compounds. Detailed information about the com-
position, morphology, and distribution of the interdendritic
compounds in these alloys will be subsequently revealed by
SEM observations. Fig. 5 shows the effects of arsenic con-
tent and quenching temperature on secondary dendrite arm
spacing in Fe-4wt%As and Fe-10wt%As alloys, which
were measured by the mean linear intercept method. It is
evident that a higher quenching temperature results in finer
o-Fe dendrites for the same concentration of arsenic. For
Fe—4wt%As alloys, quenching from 1600°C is a rapid so-
lidification process, whereas quenching from 1420°C in-
cludes 10 min of holding in the liquid-solid two-phase re-
gion before cooling; thus, the a-Fe dendrites are large

Fig. 4. Microstructures of Fe—4wt%As
and Fe-10wt%As alloys quenched from
different temperatures: (a) Fe—4wt%As,
1600°C; (b) Fe4wt%As, 1420°C; (c)
Fe-10wt%As, 1600°C; (d) Fe-10wt%As,
1420°C; (e) Fe-10wt%As, 1200°C.
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Fig. 5. Relationship between secondary dendrite arm spacing
and quenching temperature in Fe-4wt%As and Fe-10wt%As
alloys.

because they are allowed to grow for 10 min. For
Fe—10wt%As alloys quenched from 1600 and 1420°C, the
a-Fe dendrites in the former case are finer than those in the
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latter case, even though both temperatures lie in the liquid
phase region. This occurs because the higher quenching
temperature results in a shorter time for solidification and
growth [14]. In addition, the a-Fe dendrites become finer
with increasing arsenic content from 4wt% to 10wt% at the
same quenching temperature. The finer o-Fe dendrites may
result from an increase in the a-Fe nucleation probability in
liquid with increasing arsenic content. A similar phenome-
non was observed in Re-containing cast Ni-base superalloys
with different Cr contents [15].

3.2. Distribution of arsenic

3.2.1. Microsegregation and grain boundary segregation of
arsenic in the case of low arsenic content

Fig. 6 shows the distribution of soluble arsenic in
Fe—0.5wt%As alloys quenched from 1600 and 1200°C. For
both of the alloys, arsenic solidification microsegregation
was not observed by EPMA. This result is consistent with

‘ . _UHmASE N e
Fig. 6. Distribution of soluble arsenic revealed by EPMA in Fe—0.5wt%As alloys quenched from 1600 and 1200°C: (a) EPMA mi-

crostructure image, 1600°C; (b) mapping result of arsenic, 1600°C; (c) EPMA microstructure image, 1200°C; (d) mapping result of
arsenic, 1200°C.
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the autoradiography findings of Oi and Sato [16], who
have not detected arsenic microsegregation in the grain in-
terior in the cast Fe—0.21wt%°As alloy. Generally, very
high cooling rate will suppress or eliminate element mi-
crosegregation due to the lack of time for element redis-
tribution during steel solidification. Therefore, it is rea-
sonable that arsenic microsegregation is not found in
Fe—0.5wt%As quenched from 1600 and 1200°C. Although
there is no arsenic microsegregation, soluble arsenic tends

to segregate at grain boundaries [17-18]. Fig. 7 shows the
TEM micrographs of grain boundaries in Fe—0.5wt%As
alloys quenched from 1600 and 1200°C. EDS results in
Table 2 show that the average arsenic concentration at the
grain boundaries is almost 1.5-times higher than that in the
matrix, regardless of quenching temperature. Consequently,
in the case of low arsenic content, the microsegregation of

soluble arsenic does not appear only except near the grain
boundaries.

Fig.7. Typical grain boundary micrographs of Fe—0.5wt%As alloys quenched from 1600°C (a) and 1200°C (b).

Table 2. EDS results for the grain boundaries (GB) and matrix of Fe—0.Swt%As alloys quenched from 1600 and 1200°C wt%
Temperature / °C Position 1 2 3 4 5 Average
1600 GB 0.57 0.68 0.54 0.66 0.52 0.59
Matrix 0.40 0.56 0.36 0.58 0.16 0.41
1900 GB 0.66 0.83 0.51 0.35 0.59
Matrix 0.51 0.64 0.29 0.26 0.42

3.2.2. Composition, morphology, and distribution of arse-
nic-rich phases in the case of high-arsenic content

The eutectic morphology and the composition of eutectic
phases in hypoeutectic alloys might change depending on
the composition and the cooling method [19-21]. As shown
in Fig. 8, Fe—4wt%As and Fe-10wt%As alloys quenched
from 1420°C have the same eutectic morphology, which is
obviously different from that of the Fe-10wt%As alloy
quenched from 1200°C. Although the eutectic morphology
is different, the EDS-determined composition of the white
interdendritic eutectic phase in these three alloys is similar.
Furthermore, o-Fe and Fe,As phases are detected by XRD
in Fe-10wt%As alloys quenched from 1420 and 1200°C
(Fig. 9). It can be concluded from the EDS and XRD results
that the white interdendritic eutectic phase in the studied al-
loys is Fe,As.

SEM images in Fig. 10 show the eutectic morphologies
in Fe—4wt%As and Fe-10wt%As alloys with different
quenching temperatures. The distribution, morphology, and
amount of the eutectic phase are greatly influenced by arse-
nic content and quenching temperature. The white eutectic
Fe,As phase distributes discontinuously in the interdendritic
regions of Fe—4wt%As and Fe—10wt%As alloys quenched
from 1600 and 1420°C, whereas the eutectic Fe,As phase
forms a continuous network structure in Fe—10wt%As alloy
quenched from 1200°C. For Fe—4wt%As and Fe—10wt%As
alloys quenched from 1600 and 1420°C, the eutectic
morphologies shown in Figs. 10(a)-10(e) are fully divorced.
When the quenching temperature decreases to 1200°C in
Fe-10wt%As alloys, the eutectic microstructure changes to
fibrous and is composed of the white interdendritic eutectic
Fe,As phase and the interior rod-like eutectic a-Fe phase
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Fig. 8. BSE micrographs and EDS spectra of arsenic-rich phases in Fe—4wt%As and Fe-10wt%As alloys: (a, b) Fe-4wt%As,
1420°C; (¢, d) Fe-10wt%As, 1420°C; (e, f) Fe-10wt%As, 1200°C.
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Fig. 9. XRD patterns of Fe-10wt%As alloys quenched from

1200 and 1420°C.

(Figs. 8(e) and 10(f)). In addition, Fig. 8(e) shows that the
eutectic a-Fe and primary a-Fe dendrites are isolated by a
white Fe,As halo, and that the eutectic Fe,As phase is con-
nected with the white halo. This indicates that the eutectic
Fe,As phase acts as a preliminary phase during the eutectic
reaction process. Fig. 11 shows the effects of arsenic content
and quenching temperature on the area fraction of the eutec-
tic Fe,As phase. The results indicate that the amount of
eutectic Fe,As phase increases with increasing arsenic con-
tent from 4wt% to 10wt% and decreasing quenching tem-
perature from 1600 to 1200°C.
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Fig. 10. SEM images showing the eutectic microstructures in Fe-4wt%As and Fe-10wt%As alloys: (a) Fe-4wt%As, 1600°C, BSE;
(b) Fe—4wt%As, 1420°C, BSE; (c) Fe—4wt%As, 1420°C, secondary electron image; (d) Fe-10wt%As, 1600°C, BSE; (e) Fe—10wt%As,

1420°C, BSE; and (f) Fe-10wt%As, 1200°C, BSE.

According to the Fe—As binary phase diagram [13], there
is no eutectic microstructure in the Fe-4wt%As and
Fe—-10wt%As alloys during the equilibrium solidification
process. However, a metastable eutectic microstructure can
be formed during the non-equilibrium solidification process.
As non-equilibrium solidification proceeds, the primary
o-Fe dendrites preferentially nucleate and grow, and arsenic
is thus gradually enriched in the interdendritic regions.
When the temperature and arsenic concentration of the re-

sidual liquid reach 840°C and 30wt%, respectively, the
eutectic reaction (L — o-Fe + Fe,As) occurs. The formation
of fully divorced and fibrous eutectic morphologies mainly
depends on the volume fraction of the interdendritic liquid.
For low volume fractions of interdendritic liquid, the eutec-
tic o-Fe phase preferentially grows and attaches to the pri-
mary o-Fe phase during the eutectic reaction process; as a
result, the eutectic Fe,As phase is formed only in the last so-
lidification interdendritic liquid, and a fully-divorced eutec-
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tic morphology is observed in Figs. 10(a)-10(e). For high
volume fractions of interdendritic liquid, the eutectic Fe,As
phase is the preliminary phase, as demonstrated by the
Fe,As halo seen in Fig. 8(e). Its growth inevitably consumes
large amounts of As atoms from the adjacent liquid, accel-
erating the nucleation of the eutectic a-Fe phase. The fibrous
morphology observed in Figs. 8(e) and 10(f) is formed by
the alternative nucleation and growth of eutectic Fe,As and
o-Fe phases. Higher quenching temperature will produce
finer primary o-Fe dendrites, confining the eutectic solidifi-
cation into the smaller interdendritic regions. This results in
a lower volume fraction of interdendritic liquid. Higher
quenching temperature also increases the average under-
cooling required for the nucleation of the eutectic phase.
Therefore, the eutectic microstructure is frequently more
divorced at higher quenching temperatures [22].

5k
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Area fraction of the eutectic
Fe,As phase / %

0.19

1420 1200
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Fig. 11. Area fraction of the eutectic Fe,As phase in
Fe—4wt%As and Fe-10wt%As alloys.

4. Conclusions

(1) As the arsenic content increases from 0.5wt% to
10wt%, the microstructure of Fe—As alloys quenched from
1420°C changes from irregular ferrite to typical o-Fe den-
drites. The microstructures of Fe—0.5wt%As alloys quench-
ed from different temperatures are all irregular ferrite, while
the microstructures of Fe—4wt%As and Fe—10wt%As alloys
quenched from different temperatures are typical a-Fe den-
drites. The o-Fe dendrites become finer with increasing
quenching temperature from 1200 to 1600°C and increasing
arsenic content from 4wt% to 10wt%.

(2) Solidification microsegregation of arsenic is not ob-
served by EPMA in Fe-0.5wt%As alloys quenched from
1600 and 1200°C. However, the average arsenic concentra-
tion at the grain boundaries in the two alloys detected by
TEM is higher than that in the matrix.

(3) For Fe4wt%As and Fe-10wt%As alloys quenched
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from 1600 and 1420°C, the eutectic morphology is fully di-
vorced, and the white eutectic Fe,As phase distributes dis-
continuously in the interdendritic regions. In contrast, the
eutectic morphology of Fe—10wt%As alloy quenched from
1200°C is fibrous and forms a continuous network structure.
Moreover, increasing arsenic content and decreasing
quenching temperature increase the area fraction of the
eutectic Fe,As phase.
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