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Abstract Arsenic materials have attracted great attention

due to their unique properties. However, research con-

cerning iron–arsenic (Fe–As) alloys is very scarce due to

the volatility of As at low temperature and the high melting

point of Fe. Herein, a new Fe–As alloy was obtained by

mechanical alloying (MA) followed by vacuum hot-pres-

sed sintering (VHPS). Moreover, a systematic study was

carried out on the microstructural evolution, phase com-

position, leaching toxicity of As, and physical and

mechanical properties of Fe–As alloys with varying weight

fractions of As (20%, 25%, 30%, 35%, 45%, 55%, 65%,

and 75%). The results showed that pre-alloyed metallic

powders (PAMPs) have a fine grain size and specific super-

saturated solid solution after MA, which could effectively

improve the mechanical properties of Fe–As alloys by

VHPS. A high density ([ 7.350 g�cm-3), low toxicity, and

excellent mechanical properties could be obtained for Fe–

As alloys sintered via VHPS by adding an appropriate

amount of As, which is more valuable than commercial

Fe–As products. The Fe-25% As alloy with low toxicity

and a relatively high density (7.635 g�cm-3) provides an

ultra-high compressive strength (1989.19 MPa), while the

Fe-65% As alloy owns the maximum Vickers hardness

(HV0.5 899.41). After leaching by the toxicity character-

istic leaching procedure (TCLP), these alloys could still

maintain good mechanical performance, and the strength-

ening mechanisms of Fe–As alloys before and after

leaching were clarified. Changes in the grain size,

microstructure, and phase distribution induced significant

differences in the compressive strength and hardness.

Keywords Mechanical alloying; Vacuum hot-pressed

sintering; High-pressure; Arsenic–iron alloys; Mechanical

properties

1 Introduction

Arsenic (As) is a ubiquitous metalloid of concern at many

mine sites and is a residual harmful element in mine waste

because of its high toxicity [1]. For example, high concen-

trations of arsenic weaken grain boundary cohesion and

cause the embrittlement of steel due to microsegregation and

grain boundary segregation, which further deteriorates the

thermal processing and mechanical properties of steel [2].

Therefore, many strategies have been applied to control and

eliminate the concentration of As during metallurgical
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processes [3–5]. These methods can significantly decrease

the As concentration in these wastes, but there is still a risk of

secondary pollution [3]. Moreover, this process is critical for

its high carbon emissions and compatibilization during

production, and these treatments cannot produce valuable As

products, resulting in a significant waste of As resources

[6, 7]. Therefore, it is necessary to develop an eco-friendly

strategy for As resource utilization.

As is a dangerous pollutant but a vital resource for

developing a new arsenic material. In recent years, arsenic

materials have attracted wide attention due to their unique

electronic conductivity [8, 9], thermal conductivity [10–12],

and magnetic properties [13–15]. For instance, Tian et al.

[12] discovered super-high thermal conductivity in cubic

boron arsenide (BAs) crystals, which is now the only known

semiconductor with a band gap comparable to that of silicon.

Song et al. [16, 17] successfully synthesized highly oriented

black arsenic–phosphorus (b-AsP) by precise control over

the vapor transport process, and the antioxidation property of

highly oriented b-AsP increased. Moreover, gallium

arsenide (GaAs) [18, 19] and iron arsenide (FeAs)-based

superconductors [20, 21] as well as indium arsenide (InAs)

semiconductors [22, 23] have also raised increasing concern;

however, there are few studies on iron–arsenic (Fe–As)

alloys [24], especially on their synthesis, which is important

for understanding and developing the iron arsenide (FeAs)-

based materials. This could be due to the volatility of As at

low temperature and the high melting point of Fe. Addi-

tionally, at present, commercial Fe–As products are popu-

larly known as arsenic matte and are of great interest for

counterweight material application due to their excellent

economic value, large yield, and high proportion

(* 7.3 g�cm-3). However, the leaching toxicity of the

arsenic matte is sometimes beyond the permitted scope and

thus contains security risks [25]. Furthermore, the relation-

ships among the microstructure, phase composition, and

mechanical properties of the Fe–As products were ambigu-

ous. Therefore, the conversion of hazardous materials con-

taining arsenic into useful products and the quantitative

investigation of the related connections are highly important

not only for environmental protection but also for As

resource utilization.

Recently, various techniques, including self-propagating

high-temperature synthesis (SHS), spark plasma sintering

(SPS), mechanical alloying (MA), vacuum hot-pressed

sintering (VHPS), vacuum induction melting (VIM), and

casting mechanically activated combustion, have been

developed to prepare various alloys and reduce environ-

mental pollution [26–33]. Among those techniques, VHPS

is a lower-cost, more stable, easy-to-control powder con-

solidation technology [34]. During hot-pressed sintering,

vacuuming can not only prevent the material from being

oxidized but also promote the elimination of gases

produced during the sintering process and the densification

process. In addition, this method involves a relatively low

sintering temperature and grain growth inhibition, which

easily results in a fine grain structure and good mechanical

properties. Therefore, the VHPS method was applied in this

study. However, iron (Fe), which has a high self-diffusion

activation enthalpy (280 kJ�mol-1), is a refractory metal

[35]; therefore, a high diffusion activation energy is needed

for sintering at low temperature. Mechanical alloying (MA)

by decreasing crystallite sizes (the reduction in the diffu-

sion distance) and increasing some metallurgical defects,

such as vacancies, dislocations, and grain boundaries,

could reduce the diffusion activation energy [36], which

would be promising in solving diffusion bottlenecks. High-

energy mechanical milling is a well-accepted approach for

fabricating pre-alloyed metallic powders (PAMPs) and

nanocrystalline metal powders because it is cost-effective,

simple, and applicable to most kinds of materials [37].

Moreover, the metal elements in the PAMPs undergo

alloying, which leads to high alloying that can be achieved

with decreased activation energy and temperature during

the sintering process. Importantly, PAMPs have a specific

super-saturated solid solution, which can effectively

enhance their hardness and strength. Therefore, the MA

method combined with VHPS can result in an almost full

density and good mechanical properties for the resulting

alloys.

Based on these considerations, the purpose of this paper

is to develop a new Fe–As alloy by an MA with the sub-

sequent VHPS method and to quantitatively reveal the

relationships among the microstructure, phase composi-

tions, and mechanical properties of Fe–As alloys. There-

fore, in this work, a series of Fe–As alloys with varying

weight fractions of As (20%, 25%, 30%, 35%, 45%, 55%,

65%, and 75%) were prepared, and the effects of As

addition on the surface morphologies, phase compositions,

physical density, leaching toxicity, the mechanical prop-

erties, and corresponding mechanisms were studied in

depth.

2 Experimental

2.1 Sample preparation

Commercially available Fe powders (99.5%) and As blocks

(99.5%) were purchased from Shanghai Aladdin Industrial

Corporation, China. The Fe powders were sieved through

300-mesh sieves for subsequent analyses and experiments.

The As blocks were MA to obtain As powders in a high-

energy planetary ball mill (IKAYXQM-4, Changsha Miqi

Instrument Equipment Co., Ltd.) under the following mil-

ling parameters: 320 r�min-1, 1 h, zirconium dioxide balls
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(20 mm in diameter) and tank (500 ml), and a ball-to-

powder weight ratio of 20:1.

Bulk nanostructure Fe–As alloys were synthesized by

using MA followed by VHPS, as seen in Fig. 1a. In detail,

first, the different weight fractions of As powders (20%,

25%, 30%, 35%, 40%, 45%, 55%, 65% and 75%) with the

Fe powders were weighed in a glove box with high-purity

argon to minimize oxidation pollution and then mechani-

cally alloyed in a high-energy planetary ball mill using

zirconia spheres (10 and 5 mm in diameter, the ratio is 1:1)

under an argon atmosphere for 40 h. The weighted rate of

the milling spheres and the mixed powder was 20:1, and

the rotation speed was 320 r�min-1. Pre-alloyed metallic

powders (PAMPs) were obtained.

Second, 4 g PAMPs was weighed and loaded into a gra-

phite mold in the glove box, then heated to 400 �C in a

vacuum hot-pressed furnace (OTF-1200X-VHP4, Hefei

Kejing Material Technology Co., Ltd.) with a pressure of

30 MPa and held for 0.5 h (10 �C�min-1) to obtain prelim-

inary densification and avoid excessive crystal grain growth.

Then, further consolidation sintering was conducted at a high

temperature of 800 �C, and a constant pressure of 30 MPa

for 1 h was used to reduce the porosities.

Finally, the samples were cooled naturally in the fur-

nace, resulting in high-density bulk Fe–As alloys with a

cylindrical piece of U12.70 mm 9 4.12 mm. The obtained

Fe–As alloys were named Fe-20% As, Fe-25% As, Fe-30%

As, Fe-35% As, Fe-40% As, Fe-45% As, Fe-55% As, Fe-

65% As, and Fe-75% As, according to the weight fractions

of As in the starting materials. A high-vacuum environment

(\ 1 9 10-3 Pa) was maintained during the process to

avoid oxidation.

2.2 Leaching tests

The stability of As in the sintered specimens was deter-

mined according to the toxicity characteristic leaching

procedure (TCLP). The Fe–As alloy was extracted with

0.1-mol�L–1 acetate at a liquid-to-solid (L/S) ratio of 20 and

horizontally vibrated for 18 h at room temperature. After

extraction and filtration of leachates, the concentrations of

As and Fe were analyzed via inductively coupled plasma

emission spectrometry (ICP-OES, PerkinElmer, Germany).

A Chinese regulatory method (HJ/T299-2007) was used

to evaluate the leachability of the specimens under acid

rain exposure. The sulfuric acid and nitric acid method

simulated acid rain using sulfuric and nitric acids with a

mass ratio of 2:1 at pH 3.20. The samples were placed in an

L/S ratio of 10 and horizontally vibrated for 18 h at room

temperature.

2.3 Materials characterizations

The morphologies and microstructures of the original Fe and

As powders, the PAMPs produced by MA, and the sintered

Fe–As alloys produced by VHPS before and after leaching

were analyzed by scanning electron microscope (SEM, Zeiss

Sigma 300, Germany) with energy-dispersive X-ray

Fig. 1 a Schematic illustration of synthesis of Fe–As alloys; SEM images of raw materials: b As powders, c Fe powders, and
d corresponding XRD patterns
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spectrometry (EDS). The phase compositions and crystal

structures of the samples were verified using a Bruker D8

Advance X-ray diffractometer (XRD) and X-ray photo-

electron spectroscopy (XPS, XP-300 Analyzer, USA). The

transmission electron microscope (TEM) samples were

prepared from VHPS samples using a FEI Scios Dual-Beam /

scanning electron microscope (FIB/SEM) system with a

standard FIB lift-out method. The obtained thinning speci-

men was attached to a copper grid used for characterization

in detail. The lamellae specimen was observed by utilizing a

field emission transmission electron microscope (TEM,

JEM-F200, Japan). The actual density and apparent porosi-

ties of Fe–As alloys were measured by the Archimedes

method in triplicate after removing the surface impurities.

For electron back-scatter diffraction (EBSD) measurements,

the specimens were first ground by 400-, 800-, 1200-, 1500-,

and 2000-grit silicon carbide (SiC) abrasive papers and then

polished in an argon ion beam. The samples were analyzed

on the HELIOS Nanolab G4 PFIB equipped with an Oxford

Instruments Nordlys max3 EBSD. The scans were per-

formed using a step size of 0.6 lm. EBSD data were handled

by Channel 5 software used to produce inverse pole fig-

ure (IPF) measurements, with high-angle grain boundaries

(HAGBs,[ 15 misorientation) indicated as black lines and

low-angle grain boundaries (LAGBs,[ 2 misorientation)

indicated by red lines.

Compression tests were conducted according to GB/T

7314–2017 ‘‘Sintered Metallic Materials—Compression

test method at room temperature. Briefly, the compressive

strength of alloys was tested by INSTRON 1342 at a speed

of 0.3 mm�min-1. Before the compression test, the upper

and lower surfaces of the sintered samples were polished

with 1000-grit emery paper. Each test was conducted in

triplicate. Vickers microhardness test was used to deter-

mine the hardness of various metals. The hardness of the

alloys was measured by a Vickers hardness tester (Falcon

507, Innovatest Corp). For each sample, six indents were

carried out using an average load of 500 g and a dwell time

of 10 s. To ensure that the hardness result of each indent

was not affected by others, the distance between the test

points was 1 mm. The compressive strength and Vickers

hardness of the sintered alloys after the leaching test by

TCLP were also measured.

3 Results and discussion

3.1 Characterization of mechanically alloyed
powders

Figure 1b–d shows SEM images and XRD diffraction

patterns of raw As and Fe powders, respectively. It can be

seen in Fig. 1b that there are many small particles loosely

covering the surface of large particles and the raw As

powders are irregular shapes with different sizes. In addi-

tion, XRD results of the As powders are shown in Fig. 1d.

The raw As powders exhibited clear diffraction peaks,

which was consistent with what was observed for As (PDF

No. 72-1048). However, the Fe powder particles present a

spiral void shape on their surface, and there are a few

spherical particles (Fig. 1c). A sharper characteristic peak

(110) corresponding to the Fe phase is observed, indicating

that the Fe phase is the a-Fe phase (Fig. 1d).

Figure 2 presents the micromorphology of the PAMPs

with varying As contents. When the content of As

addition was low (20%–35% As), as shown in Fig. 2a–d,

the powder particles had an irregular spherical shape, and

there was no remarkable change in the micromorphology

of the powders and a small amount of As particles on the

surface of Fe particles. However, a significant difference

in the surface morphology and shape of the powder can

be seen when As was further added, as shown in

Fig. 2e–i. The powders were finer and more uniform

with As addition, and the average size of the powders

decreased gradually to less than 5 lm. It is more likely

that irregular As powder particles are more conducive to

destroying the surface of the Fe substrate during the

mechanical activation process of ball milling, shortening

the distance between the two phases, lowering the acti-

vation energy, increasing bonding, and achieving PAMPs

by entering the Fe lattice [29, 38]. This provides a good

foundation for the subsequent hot-pressed sintering pro-

cess to prepare denser and better mechanical properties

of Fe–As alloys. The mapping results of PAMPs with

varying As contents are shown in Table S1. According to

the results, it was found that the actual compositions of

the powders after MA were very close to the design

compositions.

XRD analyses were carried out to further confirm the

phase composition of PAMPs. As shown in Fig. 3a, it can

be noted that there are no raw As peaks in the PAMPs

except for the Fe-75% As, indicating that As was dissolved

in Fe and formed a solid solution phase or reacted into an

intermediate compound during the MA process. There was

only a significant a-Fe phase with the diffraction peak

(110) and a characteristic peak of the FeAs phase with low

intensity when a low amount of As (20%–55% As) was

added, suggesting that a number of solid solution phases

(a-Fe[As]) were formed. Furthermore, according to the

enlarged view (Fig. 3b), the position of the a-Fe charac-

teristic peak shifted to a higher angle than that of XRD

result for the raw Fe powder, and the intensity of the FeAs

characteristic peak increased when the weight fraction of

As ranged from 20 to 55%. This confirmed that a lot of

solid solution phases (a-Fe[As]) and intermediate com-

pounds (FeAs) were formed. The FeAs intermetallic phase
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was transformed to the FeAs2 phase, and the raw As

characteristic peak was detected in the PAMPs of Fe-75%

As due to the excessive As addition.

The quantitative XRD analysis results were obtained

(Table 1). The crystallite size, dislocation density, and

microstrain could be calculated from the Scherrer equation

[39, 40]:

D ¼ Kk
bcosh

ð1Þ

where D (nm) is the crystallite size, k is the wavelength of

Cu Ka radiation (0.154 nm), K is a constant (0.9), and hB

represents the Bragg angle. The true XRD peak broadening

B (FWHM) of the Fe–As powders was obtained after

eliminating the instrumental contribution.

d (nm-2) and e are the dislocation density and the

microstrain, respectively, which could be calculated by the

equation:

d ¼ 1

D2
ð2Þ

e =
B

4tanhB

ð3Þ

According to the result, it is well-known that during the

MA process, a high dislocation density is generated, which

increases the microstrain, leading to the broadening of the

XRD peaks. Meanwhile, the significant refinement of

crystallite size with an increase in the lattice microstrain

implies a large amount of defect density (e.g., dislocation)

Fig. 2 SEM images of PAMPs: a Fe-20% As, b Fe-25% As, c Fe-30% As, d Fe-35% As, e Fe-40% As, f Fe-45% As, g Fe-55% As,
h Fe-65% As, and i Fe-75% As
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inside PAMPs [41]. Based on the above analyses, it could

be concluded that a fine pre-alloyed Fe–As powder could

be obtained by the MA method, which has a specific super-

saturated solid solution after MA.

3.2 VHPS alloy characterizations

3.2.1 Microstructure and phase compositions

The microstructures of the Fe–As alloys sintered by

VHPS with different As contents are presented in Fig. 4.

From the images of the VHPS alloys, one can notice that

there were a few large and many small voids because of

difficult densification and poor bonding when a small

amount of As was added. However, there are tiny amounts

of microvoids on the surface of Fe–As alloys with As

addition, indicating that fully dense microstructures are

achieved by the VHPS combined with the MA method. In

addition, these alloys exhibit a homogeneous

microstructure without apparent aggregation except for

the Fe-75% As alloy. The decrease in voids and homo-

geneous microstructure could be attributed to the pro-

found effect of As addition and the significant VHPS

method, which promote the elimination of gases produced

during the sintering process and the densification process

[35]. Additionally, the PAMPs with a fine size and the

formation of a super-saturated solid solution and inter-

mediate compound could contribute to the reduction of

voids [13]. However, it was found that the microstructure

of the sintered Fe-75% As sample, which had several

voids and a connected network structure, was obviously

different from that of the other sintered samples. This may

be due to the presence of the amount of raw As resulting

from the excessive increase in the weight fraction of As,

which decreased the spacing between As particles,

increasing the susceptibility of the sample to oxidation

[42]. Thus, the particles easily aggregated and grew

through atomic diffusion in the VHPS process.

Fig. 3 a XRD patterns of PAMPs with varying As contents and b enlarged view and (inset) red line representing position of FeAs2
phase and blue line representing position of a-Fe phase

Table 1 Results of XRD analyses of PAMPs by MA

Sample Crystallite size (nm) Dislocation density (1015 m-2) Strain (10–3)

Fe-20% As 12.57 11.95 9.07

Fe-25% As 13.83 13.17 9.20

Fe-30% As 11.89 16.53 10.39

Fe-35% As 9.98 24.77 12.63

Fe-40% As 9.96 25.85 12.83

Fe-45% As 7.20 25.41 16.38

Fe-55% As 6.66 22.58 15.60

Fe-65% As 11.85 9.37 8.49

Fe-75% As 9.07 13.12 11.93
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To confirm the details of the microstructure and phase

distribution of the Fe–As alloys sintered by VHPS, back-

scattered electron (BSE) and mapping images of the as-

sintered Fe–As alloys are also shown in Fig. 5. The cor-

responding EDS results are shown in Tables S2 and S3.

As shown in Fig. 5a–d, the composites consist of two

types of phases: gray–white and gray areas. Combined

with the EDS results (Table S3), the gray–white and gray

areas corresponded to the Fe2As and a-Fe phases. In

addition, respectively, the gray–white areas increase,

while the gray areas decrease with As addition. For

Fig. 5e–g, it can be concluded that the gray areas are the

Fe2As phases and the gray–white areas are the FeAs

phases, and finally, the microstructure of Fe-55% As

consists of only a uniform gray–white phase with further

As addition. When the weight fraction of As was exces-

sive, the areas became dark gray, and the dominant phases

were completely the FeAs2 phases according to EDS

results. According to the BSE mapping results (Fig. 5,

Table S2), it was found that the actual compositions of

alloys obtained by VHPS were very close to the design

compositions and the distribution of As gradually became

uniform as the As content’s appropriate addition. How-

ever, it is worth noting that As and Fe aggregated, and the

atomic ratio (at%) of oxygen (O) reached 8.34 in Fe-75%

As (Fig. 5i) due to the excessive addition of As, resulting

in surface oxidation and different microstructures com-

pared with other alloys.

Fig. 4 SEM micrographs of Fe–As alloys sintered by VHPS: a Fe-20% As, b Fe-25% As, c Fe-30% As, d Fe-35% As, e Fe-40% As,
f Fe-45% As, g Fe-55% As, h Fe-65% As, and i Fe-75% As

1 Rare Met. (2024) 43(8):3876–3892
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The phase compositions of the sintered alloys were

further confirmed by XRD analyses (Fig. 6a), and the

quantitative XRD analysis results are shown in Fig. 6b and

Table 2. As shown in Fig. 6a, it is worth noting that the

diffraction peak of Fe–As alloys after VHPS was sharper

and smoother than that of Fe–As powders after MA, which

indicated a good crystallinity of alloys. Similarly, it can be

noted that there are also no raw As peaks in the sintered

Fe–As alloys, indicating the formation of the solid solution

phase or intermetallic phase. The characteristic peaks

assigned to a-Fe and Fe2As were detected, and the intensity

of a-Fe is significantly higher than that of Fe2As in the Fe-

20% As alloy, suggesting that a lot of As dissolved in a-Fe

to form a solid solution phase (a-Fe[As]) and little As

reacting with Fe to form Fe2As. Then, the intensity of

Fe2As peaks increased, while the corresponding a-Fe[As]

phases decreased with the increasing weight fraction of As.

Furthermore, the solid solution phase a-Fe[As] and the

Fe2As phases were completely transformed to the FeAs

phase in Fe-55% As alloy with the further As addition. The

FeAs phases eventually completely transformed to the

FeAs2 phase in the Fe-75% As alloy with excessive addi-

tion of As due to more As being available to react with Fe.

XRD results are consistent with the above EDS analysis

results.

According to the results (Table 2) obtained from XRD,

it can be concluded that the crystallite size of the sintered

Fe–As alloys grows significantly with increasing As

content; additionally, it is much higher than that of the as-

milled Fe–As powders (Table 1) due to relaxation and

annihilation of dislocations during VHPS [43]. However,

because of the high heating rate, low sintering tempera-

ture, and short sintering time of VHPS, the dislocation

density and microstrain of the sintered specimens

remained much lower than those of the PAMPs. It is

worth noting that the average dislocation density of the

pre-alloyed Fe-65% As powders (i.e., * 9.37) after MA

was almost 10 times higher than that of the sintered Fe-

65% As alloy (i.e., * 0.95) after VHPS. This relatively

small microstrain in the sintered Fe-65% As and Fe-75%

As is because the powders have undergone certain

alloying and intermetallic phases with better crystallinity

Fig. 5 BSE and mapping micrographs of Fe–As alloys sintered by VHPS: a Fe-20% As, b Fe-25% As, c Fe-30% As, d Fe-35% As,
e Fe-40% As, f Fe-45% As, g Fe-55% As, h Fe-65% As, and i Fe-75% As

1Rare Met. (2024) 43(8):3876–3892
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than other PAMPs formed during the MA process, as

shown in Fig. 3.

3.2.2 Physical and mechanical properties

The apparent relative density and physical density of sin-

tered Fe–As alloys with different As contents are shown in

Fig. 7a. With increasing As content, the relative densities

of Fe–As alloys gradually decrease at first and then sig-

nificantly increase and finally dramatically decrease,

reaching a minimum relative density of 88.18% at an As

content of 75 wt%. However, the relative densities of

sintered Fe–As alloys are all almost higher than 95%

except for the Fe-75% As alloy. The Fe-55% As alloy

reaches a maximum relative density of 99.20%, which

could be attributed to the most uniform phase distributed

without other phases (Figs. 5g, 6b). Similarly, the physical

densities are almost higher than 7.350 g cm-3 except for

the Fe-75% As alloy (6.702 g cm-3). The dramatically

decreased density of the Fe-75% As alloy, which was

13.0% lower than that of Fe-20% As, is due to the exces-

sive addition of lightweight As (theoretical density of

5.727 g cm-3) [43].

Figure 7b presents the results of the TCLP and HJ tests

for sintered materials. The leaching toxicity of As increases

with increasing As content for both the TCLP and HJ

methods. However, it should be noted that the leaching

concentration of As was less than the United States Envi-

ronmental Protection Agency (US EPA) limits (As

5 mg�L-1) when the As content was 20%–30% for both the

TCLP and HJ methods. For the TCLP test, the Fe-25% As

alloy had the lowest leaching concentration of As

(2.18 mg�L-1). For the HJ test, there was almost no As

leaching when the As content was 20%–30%, and the Fe-

30% As alloy had the lowest leaching concentration of As

(0.06 mg�L-1). According to the toxicity results, 30% of

As could be stably solidified in Fe–As alloys, indicating

that it is a promising method for As resource utilization.

Combining these results with the microstructure (Fig. 4), it

could be concluded that a high-density and full-dense

microstructural Fe–As alloy with limited toxicity could be

obtained by the MA with the subsequent VHPS method.

The effect of As content on the compressive strength

and hardness of sintered Fe–As alloys before and after the

leaching test is shown in Fig. 7c, d, respectively. As shown

in Fig. 7c, the compressive strength of sintered Fe–As

alloys by VHPS before and after leaching displayed a

downward trend as the As content increased. In addition, it

is worth noting that when the As content ranges from 20 to

30%, the compressive strength of these alloys with limited

Fig. 6 a XRD patterns of sintered Fe–As alloys and b corresponding phase compositions obtained from XRD

Table 2 Results of XRD analyses of sintered Fe–As alloys by
VHPS before and after leaching test by TCLP

Sample Crystallite size
(nm)

Dislocation
density
(1015 m-2)

Strain (10–3)

Before After Before After Before After

Fe-20% As 21.99 20.05 2.07 2.73 4.33 4.32

Fe-25% As 22.39 28.78 2.03 2.78 4.25 3.47

Fe-30% As 28.26 29.79 1.41 1.63 3.47 3.21

Fe-35% As 30.28 32.61 1.16 1.05 3.10 3.22

Fe-40% As 30.21 28.78 1.20 1.45 3.14 3.38

Fe-45% As 29.01 30.48 1.46 1.47 3.34 2.98

Fe-55% As 28.44 30.22 1.50 1.14 3.45 3.19

Fe-65% As 34.54 35.81 0.95 0.87 2.77 2.72

Fe-75% As 34.59 42.72 1.44 0.66 2.49 2.10
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As leaching toxicity exceeds 1500 MPa. In particular, the

Fe-25% As alloy before and after leaching has a maximum

compressive strength of 1989.19 and 1550 MPa, which are

77.21% and 75.34% higher than that of Fe-75% As,

respectively. The higher compressive strength could be

attributed to the fine crystallite size, solid solution

strengthening, and dislocation strengthening. According to

the Hall–Petch equation, the strength and hardness of the

alloy decrease as the grain size increases [28]. As shown in

Table 2, it is known that the sizes of Fe–As alloys

increased, while the dislocation density decreased with the

As addition, resulting in a decrease in compressive

strength. More importantly, it can be noted that the fraction

of the solid solution phase a-Fe[As] gradually reduced and

translated into the intermetallic phase (FeAs) in Fe-40% As

alloy (Fig. 6b), resulting in a further dramatic drop in the

compressive strength. On the other hand, it can be noted

that the Fe-75% As alloy has the largest crystallite size

(34.59 nm), the minimum microstrain (2.49 9 10–3)

(Table 2), and the aggregation of As particles (Fig. 5i). In

addition, The FeAs2 phase is the only phase in Fe-75% As,

so the solid solution strengthening is relatively weak. These

factors resulted in the lowest compressive strength

(453.38 MPa). Thus, grain refinement, solid solution

strengthening, and dislocation strengthening play an

important role in compressive strength.

Similarly, after leaching, Fe-20% As, Fe-25% As, and

Fe-30% As have higher compressive strength than other

Fe–As alloys, with 1490.97, 1550.90, and 1318.11 MPa,

respectively. Fe-75% As has the lowest compressive

strength (382.46 MPa). Moreover, the compressive

strength of these Fe–As alloys after leaching is lower than

that of the Fe–As alloys before leaching. This phenomenon

may be attributed to the change in the morphology, crys-

tallite size, and phase structure of the sample after leach-

ing. As shown in Figs. S1–S3, the surface of Fe–As alloys

with As contents ranging from 20% to 55% was covered by

an unconsolidated corrosion layer due to the loss and

Fig. 7 a Physical density, b leaching concentration of As, c compressive strength, and d Vickers hardness of sintered Fe–As alloys by
VHPS with varying As contents before and after leaching test by TCLP
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oxidation of a large amount of Fe and As elements, which

reduced the interfacial bonding of the alloy, and the high

concentration of O resulted in weak grain boundary cohe-

sion and reduced the strength of the Fe–As alloys [25, 44],

which could be confirmed by the results of mapping

(Table S4, Fig. S2). Additionally, according to the Hall–

Petch equation, the crystallite size of Fe–As alloys after

leaching is higher than that before leaching. Meanwhile,

the dislocation density and microstrain of the Fe–As alloys

are lower than those of the Fe–As alloys before (Table 2),

which would result in a further decrease in compressive

strength. On the other hand, the solid solution a-Fe[As]

phase of Fe–As alloys after leaching dramatically

decreased compared with that of Fe–As alloys before

leaching. These above factors would result in the decrease

in Fe–As alloy after leaching.

Figure 7d shows the Vickers hardness of the Fe–As

alloys with varying As contents before and after the

leaching test. With increasing As content, the hardness of

the Fe–As alloys before leaching first increases and sub-

sequently decreases, reaching a maximum of HV0.5 899.41

at an As content of 65%, which is 47.56% higher than that

of the Fe-25% As alloy. The following reasons may be

responsible for this phenomenon: The Fe and As elements

in the PAMPs have undergone certain alloying, the dis-

tance between the As and Fe particles decreased, and the

bonding increased. Moreover, an intermetallic phase

gradually formed as the As content increased from 20 to

65%, which effectively enhanced the hardness of the

samples [45, 46]. On the other hand, the distribution of the

intermetallic phase gradually became denser and more

uniform with As addition, which further strengthened the

Vickers hardness by the dispersion effect of the alloys [47].

However, with the excessive increase in As content, the

aggregation of As particles became increasingly apparent

(Fig. 5i). There is the only FeAs2 phase for the Fe-75% As

alloy without other phases, resulting in the decrease in

Vickers hardness (HV0.5 559.39). Therefore, the formation

and uniform distribution of the intermetallic phase were

effective in improving the Vickers hardness of the Fe–As

alloys in this paper. For the effect of grain size, it could be

noted that the Vickers hardness results are contrary to the

predictions made by the Hall–Petch relationship, which

suggests that the grain size is unlikely the dominant factor

that affects the hardness of the materials.

After the leaching test, the Vickers hardness of the Fe–

As alloys showed a similar trend to that before leaching.

Interestingly, it could be noted that the hardness of the Fe-

75% As alloy after leaching (HV0.5 806.76) is higher than

before (HV0.5 559.39), while other alloys are lower than

before, which could be assigned to the denser microstruc-

ture. As shown in Fig. S2i, the microstructure of the Fe-

75% As alloy after leaching became denser, and the

distribution of elements became more uniform than that

before leaching (Fig. 5i). This indicated that the denser

microstructure and uniform distribution of elements play

an important role in the hardness. However, for other alloys

after leaching, the surface of alloys has an unconsolidated

corrosion layer due to a large amount of Fe loss and the

high concentration of O element, leading to significant

decreases in hardness. More elemental separation exists in

the sintered Fe–As alloys after leaching, and the inter-

metallic phase is not uniform (Fig. S2). Additionally, the

TCLP leaching eliminates the residual stresses formed

during the preparation as well as the processing of the

composites, and consequently, the internal hardness is

reduced [48]. On the other hand, in comparison with the

SEM images of the Fe-65% As before TCLP leaching

(Fig. 4h), the number of holes was formed and extended on

the surface of Fe-65% As after TCLP leaching, which

destroyed the metallurgical bonding interface and

decreased the overall mechanical properties of the com-

posite [49]. Combinations of the above factors would lead

to a decrease in the hardness after TCLP leaching.

3.3 Mechanisms

The detailed mechanism of low As leaching toxicity from

Fe–As alloys was explored for As contents ranging from

20%–30%. XPS was used to analyze the changes in the

valence states of the Fe-20% As, Fe-65% As, and Fe-75%

As alloys after VHPS. The results are presented in Fig. 8

and Table 3. Figure 8a–c displays XPS survey spectra of

the three alloys. Fe, As, and O existed in these alloys, and

the intensities of Fe 2p and O 1s in the Fe-20% As alloy

were greater than those in the other two alloys, which was

attributed to the oxidation of Fe and As. In addition, the

intensities of As 2p3, As(A), and As 3d significantly

increase with increasing As content, while that of O 1s

decreases.

Figure 8d–f shows Fe 2p spectra of the three alloys. As

shown in Fig. 8d, combined with XRD and BSE mapping

results, the peaks at binding energies (BE) of 706.72 and

717.66 eV for the Fe-20% As alloy could be ascribed to a-

Fe and Fe2As, respectively. The prominent peaks at

710.23 eV (2p3/2), 713.55 eV (2p3/2), 723.30 eV (2p1/2),

and 726.40 eV (2p1/2) corresponding to the binding energy

of 2p3/2 and 2p1/2 of iron oxide states indicate the existence

of oxide in the Fe-20% As alloy, while the satellite peaks

were at 719.85 and 730.46 eV [50]. Moreover, the calcu-

lated atomic ratio of iron oxide in Fe-20% As is higher than

the other two alloys (Table 3), confirming that the content

of oxides is higher than that of the other two alloys. Fig-

ure 8e displays the Fe 2p spectrum of the Fe-65% As alloy.

It could be noted that the BE peaks at 706.83 and

719.67 eV were assigned to the iron–arsenic compounds,
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while the peaks situated at 710.09 and 723.92 eV were

ascribed to the iron oxide states, while the satellite peaks

were at 713.94 and 728.49 eV, respectively [51, 52]. The

Fe-75% As alloy (Fig. 8f) had similar Fe 2p spectra as the

Fe-65% As alloy. According to the calculated atomic ratios

in Table 3, it could be known that the content of iron oxide

dramatically decreased with As addition, while that of the

iron–arsenic compounds significantly increased.

Additionally, the As 3d spectra of the three alloys were

also analyzed (Fig. 8g–i). As shown in Fig. 8g, there are

three peaks at 41.33, 43.80, and 45.22 eV in the Fe-20% As

alloy, which could be ascribed to the iron–arsenic com-

pounds (Fe2As), As3? and As5? oxide, respectively

[51, 53]. According to the fitted results, compared with the

As 3d spectra of Fe-20% As alloy, the As3? and As5?

oxide contents of Fe-65% As alloy decreased (Fig. 8h),

while that of Fe-75% As alloy further increased and

completely translated into As3? oxide due to the excessive

As addition (Fig. 8i). In brief, the iron oxides play an

important role in the leaching process, resulting in the low

toxicity of the Fe-20% As alloy.

To further clarify the strengthening mechanisms of the

alloys, Fe-20% As and Fe-75% As were analyzed via

EBSD. Figure 9 shows the inverse pole figures (IPF) of ND

orientation (IPF-Z), grain boundaries (GBs), phase maps,

and the grain size distributions of the Fe-20% As and Fe-

75% As alloys. As shown in Fig. 9b, f, although axial

pressure was applied during the VHPS process, the two Fe–

As alloys had no obvious grain orientation preference.

There are many fine grains in the Fe-20% As alloy, and the

average grain size is 0.39 lm (Fig. 9e); however, as the

fraction of coarse grains increases, the distribution of

grains becomes relatively uniform with the As addition in

the Fe-75% As alloy due to the increase in grain size. The

average grain size of Fe-75% As alloy is 0.56 lm (Fig. 9i).

This trend agrees with the XRD calculated results. The

Fig. 8 a XPS survey spectra, d Fe 2p and g As 3d spectra of Fe-20% As alloy; b XPS survey spectra, e Fe 2p and h As 3d spectra of
Fe-65% As alloy; c XPS survey spectra, f Fe 2p and i As 3d spectra of Fe-75% As alloy
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GBs map of the two alloys is displayed in Fig. 9c and g.

The black lines were represented as high-angle grain

boundaries (HAGBs,[ 15 misorientation), while the red

lines represented low-angle grain boundaries (LAGBs,[ 2

misorientation). The majority of grains were filled with

HAGBs (96.40%) in the Fe-20% As sample, and the

fraction of HAGBs of the Fe-75% As alloy increased

(97.70%). Moreover, the fraction of LAGBs decreased

from 3.60 to 2.30%, implying that recrystallization of the

microstructure occurred and the microstructure softening

occurred [54]. LAGBs prefer to be located around ultra-

fine grains as well as in the grain interior of elongated

grains. In contrast, coarse recrystallized grains are always

dislocation-free because grain growth has consumed the

stored strain energy. This suggested that the density of

dislocations decreased in the Fe-75% As alloy, resulting in

the reduction of compressive strength. Figure 9d, h shows

the phase fraction of two alloys, respectively. The Fe-20%

As produced the majority of the a-Fe phase (73.80%) and a

small portion of Fe2As phase (11.70%) as well as zero

solution. However, the Fe-75% As sample exhibited a

relatively uniform single-phase (FeAs2 phase, 84.76%) and

minor zero solution (15.24%).

On the other hand, the pole figures and inverse pole

figures maps of the a-Fe and Fe2As of the Fe-20% As and

Fe-75% As alloy are shown in Fig. 10 and S4, respectively.

These results confirmed that the a-Fe of the Fe-20% As

alloy had relatively uniform hot spots on the {100}, {110},

and {111} planes (Fig. 10a), indicating that a large amount

of the solid solution phase was dispersed in this alloy.

Moreover, the a-Fe phase had obvious crystallographic

orientation along with (001) direction (Fig. S4a). The

Fe2As phase had hot spots focused on the {010} and {001}

planes, and the maximum value of pole intensity was 4.60

(Fig. 10b). However, as shown in Fig. 10c and S4c, a

weaker basal fiber texture with an intensity of 2.50 can be

observed in the Fe-75% As alloy, although the crystallo-

graphic orientation was along (001) direction. The stronger

basal texture directly hindered the migration of dislocation,

resulting in a higher compressive strength in the Fe-20%

As alloy.

For a more detailed examination of the morphology and

dislocation distribution of the two alloys, the samples were

characterized by the combination of FIB and TEM. Fig-

ure 11 shows TEM bright field (BF) images of the Fe-20%

As and the Fe-75% As alloys. As shown in Fig. 11a, d, the

Fe-20% As consists of the most fine grains, while the Fe-

75% As is filled with coarse grains, which is consistent

with the grain size distribution of results obtained from

EBSD. Moreover, as shown in the BF images of the Fe-

20% As, there are a large number of dislocations, as

marked by the white arrow, distributed to the surface of

coarse grains. However, the density of dislocation distri-

bution decreased as displayed in the BF images of the Fe-

75% As, which may be ascribed to the excess As added

resulting in the porosity level increase.

According to the above discussion and results, iron oxi-

des play an important role in the low toxicity of Fe–As

alloys. Grain size strengthening, solid solution strengthen-

ing, and dislocation strengthening mechanisms play vital

roles in enhancing the compressive strength of Fe–As alloys.

Table 3 XPS spectra fitting results for Fe-20% As, Fe-65% As,
and Fe-75% As alloys

Samples Peak BE
(eV)

Content
(wt%)

FWHM
(a.u.)

Fe-20% As
alloy

Fe
2p

706.72 5.11 1.67

710.23 42.05 3.36

713.55 14.43 3.36

717.66 7.07 3.36

719.85 2.68 1.67

723.30 17.39 3.36

726.40 7.56 3.36

730.46 3.70 3.36

As
3d

41.33 59.40 1.52

43.80 29.81 1.71

45.22 10.79 1.60

Fe-65% As
alloy

Fe
2p

706.83 21.35 1.12

710.09 30.21 3.36

713.94 10.77 3.36

719.67 14.47 2.36

723.92 13.96 3.36

728.49 9.25 3.36

As
3d

41.11 38.18 1.13

41.77 26.20 1.13

43.72 20.17 1.88

45.03 15.46 1.99

Fe-75% As
alloy

Fe
2p

706.86 27.09 1.03

709.83 27.60 3.36

714.04 8.89 3.36

719.67 14.99 1.88

723.53 12.02 3.36

728.56 9.41 3.36

As
3d

41.08 39.74 1.12

41.73 27.28 1.12

44.17 32.98 2.51
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The intermetallic phase strengthening mechanism and dis-

persion effect contributed significantly to the Vickers hard-

ness of the Fe–As alloys compared to those of the grain size

strengthening and solid solution strengthening.

4 Conclusion

In this work, novel high-performance Fe–As alloys with

limited toxicity were prepared by MA, followed by VHPS.

The effects of As addition on the microstructure, phase

composition, physical properties, leaching toxicity,

mechanical performance, and corresponding mechanism of

sintered Fe–As alloys by VHPS before and after leaching

by TCLP were systematically studied. With the content of

As increasing, a nearly fully densified Fe–As alloy was

obtained, and the Vickers hardness of sintered Fe–As

alloys was improved, while the physical density and

compressive strength decreased. The physical densities of

sintered alloys are almost higher than 7.350 g�cm-3 except

for the Fe-75% As alloy (6.702 g�cm-3) due to the

excessive As addition. The leaching concentration of As

was less than the EPA limits (As 5 mg�L-1) when the As

content was 20%–30% for both the TCLP and HJ methods.

The Fe-25% As alloy before and after leaching reaches

1989.19 and 1550.9 MPa, which are 77.21% and 75.34%

higher than that of Fe-75% As, respectively. The Fe-65%

As alloy had the maximum hardness (HV0.5 899.41). The

relatively reasonable compressive strength could be

attributed to the grain size strengthening, solid solution

strengthening, and dislocation strengthening mechanisms,

while the intermetallic phase strengthening mechanisms

and the dispersion effect contributed significantly to the

Vickers hardness. The excellent mechanical properties

Fig. 9 a Legend for IPF maps; b, f IPF of ND orientation (IPF-Z); c, g phase maps; d, h GBs maps; e, i grain size distributions of Fe-
20% As alloy and Fe-75% As alloy

Fig. 10 EBSD-derived pole figures of a a-Fe, b Fe2As of Fe-
20% As, and c Fe-75% As alloys
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enable Fe–As alloys to have potential applications in the

high-value utilization of As resources.
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