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Abstract: In the present work, Fe-Mn—Al-C powder mixtures were manufactured by elemental powders with different ball milling time, and
the porous high-Mn and high-Al steel was fabricated by powder sintering. The results indicated that the powder size significantly decreased,
and the morphology of the Fe powder tended to be increasingly flat as the milling time increased. However, the prolonged milling duration had
limited impact on the phase transition of the powder mixture. The main phases of all the samples sintered at 640°C were a-Fe, a-Mn and Al,
and a small amount of Fe,Als and AlsMns. When the sintering temperature increased to 1200°C, the phase composition was mainly comprised
of y-Fe and o-Fe. The weight loss fraction of the sintered sample decreased with milling time, i.e., 8.3wt% after 20 h milling compared to
15.3wt% for 10 h. The Mn depletion region (MDR) for the 10, 15, and 20 h milled samples was about 780, 600, and 370 pum, respectively. The
total porosity of samples sintered at 640°C decreased from ~46.6vol% for the 10 h milled powder to ~44.2vol% for 20 h milled powder. After
sintering at 1200°C, the total porosity of sintered samples prepared by 10 and 20 h milled powder was ~58.3vol% and ~51.3vo0l%, respectively.

The compressive strength and ductility of the 1200°C sintered porous steel increased as the milling time increased.

Keywords: powder metallurgy; porous steel; ball milling time; microstructure evolution; compressive properties

1. Introduction

Porous steels, as a good candidate for structural and func-
tional performance, offer a variety of outstanding advantages
such as high mechanical [1-4], corrosion [5-7], thermal [8§],
acoustic [9-10], electromagnetic shielding/absorbing proper-
ties [11-12], and excellent economical availability [13]. Cur-
rently, many solid-state and liquid-state routes including
powder metallurgy [14—15], casting [16], directional solidi-
fication of metal/gas eutectics (GASAR) [17], electrodepos-
ition [18], dealloying [19-20], and additive manufacturing
[21-24], have been widely used to produce porous steels.
Among them, powder metallurgy is a well-received tech-
nique to prepare porous steels due to the unique merits of the
short processing cycle, tailorable composition, low prepara-
tion temperature, uniform composition, and controllable pore
features.

Ball milling is an important way to achieve powder refine-
ment. In the process of ball milling, powders are collided and
squeezed by the pellets, causing severe plastic deformation,
cold welding, and fracture [25-26]. Many researches reveal
that the milling time has a great influence on the particle size
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and morphology of the powder [25,27-29]. Generally, the
powder size decreases with the extension of milling time be-
fore reaching a limit value. The particle size and morphology
of the powder are key factors affecting the pore structure and
mechanical properties of porous steels [24,30-31]. Due to the
difference of the surface energy, lattice distortion, and atom-
ic diffusion distance, powders with different particle size
have different densification after sintering, which could
affect the mechanical properties of the porous steels.

At present, the base materials for fabricating steel foams
are mainly stainless steels and carbon steels [9,10,12,32-33].
Compared with the frequently employed steel matrix, steels
with high-Mn (20wt%—40wt%) and high-Al content (Swt%—
20wt%) have lower density and better mechanical properties
[20]. That is to say, the high-Mn and high-Al steels as the
parent steel can further reduce weight and improve the mech-
anical properties of the porous steels [34-35]. However, the
previous reported synthesizing porous steels are mostly
prealloyed steel powder [3,30-31]. Prealloyed powder
presents a fix chemical composition, which goes against to
tuning the chemical composition in real time in the alloy
design. In addition, the manufacturing cost of the prealloyed
steel powder is much higher than that of the elemental
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powder. Thus, it is worthwhile to synthesize porous steels us-
ing elemental powder as raw materials. Previously, we em-
ployed elemental powders of Fe, Mn, Al, and C as raw ma-
terials to produce a high-Mn and high-Al porous steel with
large porosity through a novel two-step vacuum sintering
strategy comprised of the diffusion/reactions between differ-
ent elements and the sublimation of Mn. Then, the influence
of the sintering temperature on the microstructure evolution
and pore formation mechanism are concerned [2,4,36-37].
However, there are few works to demonstrate the effect of
the milling time on the microstructure and mechanical prop-
erties of porous high-Mn and high-Al steel using elemental
powders as raw materials. This work, for the first time, used
elemental powders of Fe, Mn, Al, and C to produce powder
mixture with different features by different ball milling dura-
tions, and discussed the influence of the milling time on the
microstructure and compressive properties of the porous
high-Mn and high-Al steel, which provides a theoretical basis
for the performance optimization and the application of the
high-Mn and high-Al porous steel.

Int. J. Miner. Metall. Mater., Vol. 30, No. 5, May 2023

2. Experimental
2.1. Raw materials and sample preparation

Elemental pure Fe powder (43 um in median size), pure
Mn powder (40 pm in median size), pure Al powder (38 um
in median size), and C powder (5 um in median size) were
used as raw materials. The morphology of the original
powder was shown in Fig. 1, where the Fe, Mn, Al, and C
particles were rounded, angular, spherical, and flake in shape,
respectively. The nominal composition of the powder mix-
ture was Fe-35wt% Mn-10wt% Al-1wt% C. The mixed
powder was ball milled in a stainless steel (SS) vial with SS
balls as milling medium for 10, 15, and 20 h, respectively.
More details on the preparation of the ball milled powder are
available in published work [2,37]. The milled powder was
cold compacted under a uniaxial pressure of 200 MPa. Sub-
sequently, the green samples were sintered in a furnace with a
vacuum degree of <5.0 x 107 Pa. Two batches of samples
were sintered at 640 and 1200°C for 60 min with a heating
rate of 5°C-min™', respectively, followed by furnace cooling.

iy o

Fig. 1. SEM images of the original powders: (a) Fe; (b) Mn; (c) Al; (d) C.

2.2. Testing and characterization

The phase compositions were identified by X-ray diffrac-
tion analysis (Empyrean, PANalytical B.V., Netherlands)
with Cu K, radiation at a scanning speed of 2°-min' at room
temperature. Scanning electron microscopy (SEM, FEI
Quanta FEG 450, U.S.) combined with energy-dispersive
spectrometry (EDS) was employed to characterize the micro-
structure and composition of the sintered compacts. The mi-
croanalysis of the elemental distribution of the sintered
samples was performed by Electron Probe Micro-Analyzer
(EPMA, JXA8530F, Japan). GASA software was used to fit
the crystal structure of the full XRD spectrum, and the mean
size of the ball milled powder was estimated according to the
Scherrer formula. The porosity of the sintered compacts was
determined according to ASTM B962-17. The weight loss
fraction was defined as (wy, — w;) / wy x 100%, where w, was
the mass of the green samples, while w; was the mass of the
sintered samples [37]. The compression test was performed
on a universal materials-testing machine with a compression
speed of 0.5 mm-min™'. Cylindrical samples with the diamet-
er of ~13 mm and height of ~17 mm were used for the com-
pression test.

3. Results and discussion
3.1. Microstructure characterizations

Fig. 2 shows the morphology of the 10 h milled powder

mixture. It can be seen from Fig. 2(a) and (b) that the size of
the Al powder was reduced to 20-30 pm. Meanwhile, a small
amount of Al powder was even refined to about 2 pm, as
shown in Fig. 2(g) and (h). Compared with the original Fe
powder in Fig. 1, Fig. 2(a)—(d) indicated that Fe particles ten-
ded to be flake, and the thickness of the flake Fe was about 7
um. The main reason is that pure Fe powder has a low yield
strength and excellent plasticity, which is prone to plastic de-
formation under the impact of the SS balls. Fig. 2(g) and (h)
revealedhaMrparticlesvasignificantlyrefinecaftemillingforl (h,
where many Mn particles were reduced to ~2 pm. Compared
with Fe and Al, Mn particles were more brittle and more
likely to break up, resulting in the decreasing of Mn particle
size. Fig. 2(d)~(f) shows that cold welding occurs between
fine particles, where fine Mn particles were embedded on the
surface of the flat Fe particles, which are beneficial to shorten
the diffusion distance between Fe and Al atoms.

Fig. 3 shows the morphology of the 15 h ball milled
powder mixture. The Fe powder became flat with large as-
pect ratio after continuous cyclic plastic deformation, cold
welding, and fracture processes, as shown in Fig. 3(a) and (b).
Fig. 3(c)—(e) implied that some Mn particles were further re-
fined to 200-300 nm with elongated morphology. Further-
more, there were many fine Mn and Al particles with a size
of about 200 nm embedded on the flat Fe matrix with the
thickness of ~6.72 um (Fig. 3(f)—(h)).

Fig. 4 shows the morphology of the 20 h ball milled
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Fig. 2. SEM images and EDS analysis of the powder mixture after 10 h milling: (a, b) morphology and EDS result; (c) enlarged
portion in the box A of (a); (d) enlarged portion in the box B of (c); (e, f) enlarged portion in the box D of (d) and EDS result; (g, h)

enlarged portion in the box C of (¢) and EDS result.

portion in the box A of (a) and EDS result; (e) enlarged portion in the box C of (c¢); (f) enlarged portion in the box B of (a);
(g) enlarged portion in the box D of (f); (h) enlarged portion in the box E of (g).

powder mixture. As shown in Fig. 4(a)—(b), a large amount of
fine Mn powder was adhered to the flat surface of Fe powder.
Fig. 4(c)—(e) presented that there was no much difference in
the particle size of the Al and Mn powder between the 20 and
15 h milled powder. This may be because cold welding and
agglomeration of particles was intensified the fracture resist-
ance of particles, and increasing the milling time may not
provide sufficient energy for further crushing of the particles.
In this case, a dynamic balance was established between
particle accumulation and fragmentation, resulting in particle
size reduction close to the limit. It should be noted that the
flattening of Fe particles in the mixed powder was further in-
tensified after 20 h ball milling. The thickness of the Fe
flakes was reduced to about 3.62 pum, as shown in Fig. 4(g).
Fig. 4(h) and (i) showed that the thickness of some Fe
particles was reduced to about 0.73 pm, leading to the specif-
ic surface area of Fe particles increased rapidly after 20 h ball
milling.

Fig. 5 shows the microstructure of the 10 h milled powder
sintered at 640°C. Unreacted Fe, Al, and Mn powder can be
observed in Fig. 5(a) and (b). In addition, there were clear
boundaries between the most of Fe and Mn particles, and no
obvious diffusion was found. This was directly confirmed by
EDS line scan result as shown in Fig. 5(g), where the width

of the diffusion layer between Fe and Mn particles was only
~0.5 pm, indicating that the diffusion between Fe and Mn
particles was limited for the 10 h milled powder sintered at
640°C. The low diffusibility of Fe and Mn particles at this
stage may be closely related to the temperature. According to
the Fe-Mn binary phase diagram [38], 640°C was not
enough to trigger significant diffusion behavior between Fe
and Mn particles due to the low solubility (< 2wt%) of Mn in
a-Fe at 640°C. Fig. 5(c) and (d) implied that many Mn—Al
and Fe—Al interdiffusion regions were found in the 10 h
milled sample sintered at 640°C, as shown in Fig. 5(e) and
(). It was found that intermetallic compounds Fe,Al; and a
small amount of FeAl, and FeAl existed in the diffusion re-
gion of the contacted Fe and Al particles. This was because
Al atoms diffused to the Fe matrix and reacted with the su-
persaturated o-Fe solid solution to form Fe,Al;. Sub-
sequently, Fe particles reacted with Fe,Al; to form inter-
metallic compounds FeAl and FeAl,. Similarly, f-Mn and in-
termetallic compound AlgMn; was found in the diffusion re-
gion of Mn and Al particles. According to Fe—Al and Mn—Al
binary phase diagrams [39—41], Al has high solubility in a-Fe
matrix and -Mn matrix. Therefore, high Al content was de-
tected in a-Fe and f-Mn.

Fig. 6 shows the microstructure of the 15 h milled powder
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Fig. 4. SEM images and EDS analysis of the powder mixture after 20 milling: (a, b) morphology and EDS result; (c, d) enlarged
portion in the box A of (a) and EDS result; (e) enlarged portion in the box D of (c); (f) enlarged portion in the box B of (a);
(g) enlarged portion in the box E of (f); (h) enlarged portion in the box C of (a); (i) enlarged portion in the box F of (h).
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sintered at 640°C. It can be clearly seen from Fig. 6(a) and diffusion zone may be closely related to the smaller size of Al
(b) that the residual pure Al particles in the 15 h milled and Mn particles and the thinner Fe particles. This is because
samples were significantly reduced after sintering, revealing the surface energy and defects in the powder increased due to
that the diffusion of Al was further intensified as more Al the decrease of the particle size, thereby accelerating ele-
particles involved in the diffusion/reaction in the interfacial mental diffusion and solid reaction.

region of Fe—Al and Mn—Al powder systems, respectively. As shown in Fig. 7(a) and (b), most of the pure Al
This can be directly confirmed by the EDS results in Fig. 6(f) particles in the 20 h milled powder were disappeared after
and (g), where the diffusion zone between Al-Mn and Al-Fe sintering, indicating that Al atoms consumed more thor-

particles increased to ~11 and ~5 um, respectively. The wider oughly by diffusing and reacting with the surrounding Mn
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Fig. 6. Microstructure and EDS results of the 15 h milled powder sintered at 640°C: (a, b) SEM image and EDS mapping result;
(c—e) the enlargement of boxes A, B, and C in (a), respectively; (f-h) line scan results of lines S, S, and S;, respectively. The blue lines
in (c—e) are the line scanning area; S denotes as the start point of EDS line scan.

particles, and formed AlsMns and Al-rich B-Mn phase can be
proofed by Fig. 7(f) and (g). Similarly, Al particles reacted
with the surrounding Fe particles to form Fe,Als;, FeAl, and
Al-rich o-Fe phases. The above results implied that the ex-
tension of milling time can effectively accelerate the reaction

and diffusion.

Fig. 8 shows the microstructure of the milled powder
sintered at 1200°C at different mill time. Fig. 8(a) and (b)
presented that the overall elemental distribution was uniform,
and no pure elements were found. In addition, Fig. 8(a)
showed that there were a large number of pores in the
sintered body (black area), and most of the pores were inter-
connected. As shown in Fig. 8(c), component segregation oc-
curred in some particles (small gray regions) with the size of
~2 pum were found in the particles. In addition, there were
some small closed pores inside the particles. This may be
caused by grain boundary recombination and growth. EPMA
results in Fig. 8(h) showed that the grey regions contained
high carbon content. A further quantitative analysis identi-
fied that the gray regions were k-carbide, while the white
matrix was y-Fe (see Table
Fe-Mn—AIl-C phase diagram [42], high Mn content in Fe-
based alloys will form y-Fe phase, which was consistent with

1). According to the

the EPMA results.

Fig. 8(i) and (j) showed that there was an obvious particle
growth for the sintered 15 h milled powder compared with
10 h milled counterpart, which may be related to the refine-
ment of the powder. In general, the surface energy of the

powder gradually increased with the refinement process,

leading to the increase of the driving force for particle mer-
ging and growth, finally the growth of the sintered particles.
The closed pores observed inside the particles were the direct
evidence of the particle incorporation. Quantitative EPMA
result found that the grey regions in the sintered 15 h milled
powder were k-carbide (see Table 1). Fig. 8(1) and (m) re-
vealed that the morphology of the 20 h milled powder after
sintering at 1200°C was more slender, and the slender
particles were y-Fe (see Table 1). It is noted that the morpho-
logy of Fe matrix in the powder milled for 20 h was main-
tained slender throughout all sintering process (i.e., 640 and
1200°C), indicating that the surrounding fine Al and Mn
particles preferentially diffused into Fe matrix during sinter-
ing process. This is attributed that the fine Al and Mn
particles presented larger specific surface than slender iron
particles. Thus, Al and Mn particles were incorporated into
slender Fe matrix, reducing the surface energy of the system
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and accelerating the process of diffusion and reaction.
3.2. Phase identification

Fig. 9(a) showed that the phase composition of the powder
under different milling durations was consistent with the ori-
ginal non-milled powder, indicating that no significant mech-
anical alloying occurred during milling. Meanwhile, Fig. 9
(b) and (c) revealed that the diffraction peaks of Fe, Mn, and
Al broadened with the increase of the balling time, indicating
that the grain size decreased as a function of ball milling time.
The structural refinement of the diffraction patterns by Ri-
etveld method (Fig. 9(d) and (e)) implied that the average
grain size of Fe, Mn, and Al decreased significantly to 55, 25,
and 118 nm, respectively, after 20 h milling. This further
proved the ball milling process promoted the refinement of
the particle size, which agreed to the above-mentioned SEM
results.

Fig. 10(a) showed the XRD patterns of the powder with
different milling time after sintering at 640°C. There was no
obvious change in the phase composition for the samples
sintered at 640°C, which mainly consisted of a-Fe, a-Mn,
and Al phases. This was consistent with the SEM and EDS
results in Figs. 5—7. Futhermore, Fig. 10(b) implied that the

diffraction peaks of a-Mn and o-Fe shifted to the low angles,
and the deviation of the peaks increased with the increase of
milling duration. This demonstrated that the number of the
solute atoms in a-Mn and o-Fe boosted with the increase of
ball milling durations. According to Fe-Mn and Al-Mn
phase diagrams [39-41], the shift of a-Mn peak was mainly
caused by the increase of a-Mn lattice constant due to the dif-
fusion of Fe atoms into a-Mn matrix, while the shift of a-Fe
peak was mainly caused by the increase of a-Fe lattice con-
stant due to the diffusion of Al atoms into o-Fe. This can be
confirmed by the EDS results in Figs. 5-7. The increased dif-
fraction peak offset might be caused by the promoted diffu-
sion of solute atoms in a-Mn and a-Fe due to the continuous
refinement of the powder as a function of milling time. When
the temperature ramped to 1200°C, a-Mn, B-Mn, and Al
phases completely consumed and disappeared as shown in
Fig. 10(c). In detail, the 10 h milled powder after sintering at
1200°C was mainly composed of y-Fe, a-Fe, and a small
amount of k-carbide. For the 15 and 20 h milled powder, only
v-Fe diffraction peak was detected after sintering at 1200°C.
This may be attributed that longer milling time was benefi-
cial to the homogenization of the powder system and there-
fore less composition segregation.
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Table 1. Chemical composition of each point in Fig. 8
Point Fe / wt% Mn / wt% Al/ wt% C/wt% Possible phase
1 57.04 33.70 7.77 1.49 v-Fe
2 49.73 38.92 10.83 0.52 v-Fe
3 48.93 36.13 11.05 3.88 (Fe,Mn);AlC
4 53.00 31.76 11.12 4.12 (Fe,Mn);AIC
5 58.91 33.00 6.15 1.94 v-Fe

3.3. Porosity evolution

As can be seen from Fig. 11(a) and (b), the total and open
porosity of the powder decreased continuously at 640 and
1200°C with the extension of milling duration. For example,
the total and open porosity of the 10 h milled samples were
~46.6vol% and ~35.2vol% at 640°C, and that of the 20 h
milled samples decreased to ~44.2vol% and ~32.7vol%.
When sintered at 1200°C, the total and open porosity of the
10 h milled samples were ~58.3vol% and ~55.0vol%, and
that of the 20 h milled samples decreased to ~51.3vol% and
~47.2vol%. Previous study revealed that the pores formed at
640°C was mainly caused by the unbalanced diffusion and
the chemical reaction between Al and other elements
[2,36-37], where the elemental Al particles gradually con-
sumed, and eventually leaving pores at the positions origin-
ally occupied by Al particles. In our case, longer ball milling
duration resulted in smaller Al particle size and larger sur-
face energy, which effectively reduced the unbalanced diffu-
sion/reaction between Al and other elements, and therefore

less pores leaving behind the original sites for the elemental
Al particles. In the meanwhile, defects such as vacancies and
dislocations in the powder lattice caused by milling, could
also provide large driving force to intensify the diffusion and
reaction between different elements. This promoted the dens-
ification and gave rise to the shrinkage of the pores. Thus, the
porosities in both the 640 and 1200°C sintered samples de-
creased with the increase of milling time. It is also noted that
the porosity of the samples sintered at 1200°C was much lar-
ger than 640°C, especially the open porosity (see Fig. 11
(b)). This may be attributed to Mn sublimation. The Mn va-
por pressure is ~78 Pa at 1200°C, while it is only ~9.5 x 10
Pa at 640°C [37]. In our case, the vacuum in the furnace dur-
ing sintering was ~5 x 10~ Pa. This implied that the sublima-
tion of Mn at 640°C was inhibited, and that at 1200°C could
be very large. It is common that vapors including Mn vapor
trapped in the pores could prevent the shrinkage of the pores.
Thus, the porosity at 1200°C was higher than 640°C. In addi-
tion, transient liquid phases formed during sintering also con-
tributed to the increase of porosity.
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samples sintered at 1200°C as a function of milling time.

3.4. Sublimation behavior of Mn

Fig. 11(c) revealed that the weight loss fraction of the
sintered compacts at 1200°C decreased with the increase of
milling duration. For example, the weight loss fraction of the
powder milled for 10 h was ~15.3wt%, while that milled for
20 h remarkably decreased to ~8.3wt%. In order to further
explore the influence of ball milling duration on Mn sublima-
tion, EDS point scanning was carried out from the top sur-

Relationship between porosity and milling time for sintered at (a) 640°C and (b) 1200°C; (c) weight loss fraction of the

face to the interior of the sintered sample, as shown in
Fig. 12(a)~(c). In general, Mn content on the surface was less
than 2wt%, and it gradually increased from the surface to the
core and formed a Mn depletion region (MDR). The MDR
for the 10, 15, and 20 h milled samples was about 780, 600, and
370 um, respectively (Fig. 12(d)—(f)), demonstrating that the
longer the powder ball milling duration was, the less Mn sub-
limation of the sintered samples was, which was consistent
with the weight loss fraction results shown in Fig. 11(c). The
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decrease in MDR and the weight loss may be attributed to the
decrease of the powder size and open porosity of the sintered
samples as a function of milling time. The sublimation of Mn
was closely related to the number of open pores, as higher
open porosity could provide more sublimation surface and
open channels for Mn sublimation. Previous studies have
shown that the sintered Fe—Mn—Al-C samples presented lim-
ited weight loss after sintering at 640°C, while serious Mn
sublimation occurred for the 1200°C sintered samples be-
cause of the high Mn vapor pressure up to 78.1 Pa [2,37].
Fig. 11(a) showed that the open porosity of the 640°C
sintered samples obviously decreased with the extension of
the sintering duration, resulting in less Mn sublimation at
1200°C with the extension of milling duration. In addition,
long milling duration greatly increased the sintering driving
force for densification, which further reduced the porosity,
especially open porosity, so that the sublimation of Mn was
inhibited again.

3.5. Compression test

Fig. 13 showed the compression images of the 1200°C
sintered porous steels produced by powder milled for 10, 15,
and 20 h at different strain stages. In general, the strain for
macroscopic crack initiation increased with the prolonged
milling time. In detail, tiny cracks initiated on the surface of
the compressed samples when the strain reached 30% for the
10 h milled samples (Fig. 13(A4)), 37% for the 15 h milled
samples (Fig. 13(B4)), and 50% for the 20 h milled samples
((Fig. 13(C4)). The cracks propagated and grew up as the
strain increased, resulting in the surface layers peeling off

Tsurface Distance / pm

Tsurface Distance / pm

Cross-section morphologies and EDS point scanning of the milled powder after sintering at 1200°C: (a, d) 10 h; (b, e) 15 h;

from the samples at the strain of 35% for the 10 h milled
samples (Fig. 13(A6)) and 43% for the 15 h milled sample
(Fig. 13(B6)). However, for the 20 h milled samples, no
spalling occurred on the surface during the whole compres-
sion stages. The sublimation of Mn may be an important
reason for this phenomenon. Previous results revealed that
Mn contributed to the formation of austenite phase with good
ductility [2,4]. Nevertheless, Mn sublimation resulted in the
drop of Mn concentration in the Fe-matrix, which was more
likely to facilitate the generation of a-Fe phase with poor
ductility. The result in Fig. 12 revealed that MDR in the
sintered samples prepared by 10 and 15 h milled powder was
wide, leading to large a-Fe region on the surface and causing
the separation of the surface layer to the sintered samples. On
the contrary, the a-Fe region in the sintered samples prepared
by 20 h milled powder was significantly reduced due to its
low MDR, so its plastic deformation ability was
strengthened. Fig. 14 showed the stress-strain curves of the
sintered samples. The stress at the microcrack initiation strain
for the sintered samples prepared by 10, 15, and 20 h milled
powder was about 80, 210, and 470 MPa, respectively. The
increase of the compressive strength was closely related to
the milling duration. This was because long milling duration
was beneficial to the reduction in porosity, as shown in
Fig. 11(a) and (b). Finally, higher compressive strength was
achieved with longer milling time.

It is noted that the strain for macroscopic crack initiation
increased as a function of ball milling time. This means that
long ball milling time is in favor of better plasticity. In order
to explore the fracture mode of the 1200°C sintered samples
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Fig. 13. Macroscopic compression images of the 1200°C sintered porous steels for the (A) 10, (B) 15, and (C) 20 h milled powder at
different strain stages: (A1) 0; (A2) 10%; (A3) 25%; (A4) 30%; (A5) 32%; (A6) 35%; (A7) 40%; (A8) 45%; (B1) 0; (B2) 15%:; (B3)
30%; (B4) 37%; (BS) 39%; (B6) 43%; (B7) 53%; (B8) end of compression; (C1) 0; (C2) 20%; (C3) 40%; (C4) 50%; (C5) 53%; (C6)

55%; (C7) 57%; (C8) end of compression.
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Fig. 14.  Compressive stress-strain curves of the 1200°C
sintered samples made of the powder with different milling
durations.

with different milling time, the fracture morphologies were
observed. As shown in Fig. 15, a small number of dimples
appeared at the fracture surface of the 10 h milled samples,
which proved that plastic deformation occurred at certain
sites. However, Fig. 15(c) and (d) presented that looped
cracks as the crack initiation were found in the core of the
broken Fe-matrix particles, and the fractured surface beyond
the loop was smooth, which demonstrated the brittle fracture
mode. Long cracks were penetrated the Fe-matrix particles
(Fig. 15(e) and (f)), which was a typical transgranular frac-
ture Thisalsoconfirmedthatagreatdealofbrittlefractureexistedinthe
10 h milled samples. In addition, the penetrated microcracks
(Fig. 15(g)) caused by the shearing and sliding of the
particles were also found in the fractured surface. In general,
brittle facture played an essential role in the failure of the
samples prepared by 10 h milled powder. Consequently, the
broken fragments were compacted with the increased strain,



L.Z. Xie et al., Effect of ball milling time on the microstructure and compressive properties of the Fe—-Mn-Al ... 927

10 h milled powder

15 h milled powder

Fig. 15. Fracture morphologies of the porous steel sintered at 1200°C prepared by different milling time: (a) morphology of 10 h;
(b) dimples of 10 h; (c) crack initiation of 10 h; (d) enlargement of (c); (e) crack of 10 h; (f) enlargement of (e); (g) shear bands of
10 h; (h) collapsed pores of 10 h; (i) morphology of 15 h; (j) dimples of 15 h; (k) quasi-cleavage fracture of 15 h; (I) enlargement of the
red box in (k); (m) shear bands of 15 h; (n) enlargement of the red box in (m).

and pores collapsed, as shown in Fig. 15(h). As the milling
time increased to 15 h, larger and deeper dimples were found
in more fractured sites (Fig. 15(j)), indicating that more
ductile fracture occurred with the extension of the milling
time. It is noted that dimples and cleavage planes coexisted at
the fracture surface of the 15 h milled samples, indicating that
the fracture was quasi-cleavage, as shown in Fig. 15(k) and
(D). Similarly, a large number of delaminated fragments were
observed in the 15 h milled samples because of the shear
force caused by continuous compression.

4. Conclusions

In this work, the effect of ball milling time on the micro-
structure, phase composition, and compressive properties of
the sintered porous steel were discussed. The following con-
clusions could be drawn.

(1) The particle size of the powder decreased and the mor-
phology of the Fe particles transformed into the laminated
structure with the increase of milling time. No phase trans-
formations occurred in the milled powder, and Fe,Als and
AlgMns were observed in the compacts sintered at 640°C.
After sintering at 1200°C, the 10 h milled powder compacts
was mainly composed of y-Fe and o-Fe, while the 15 and 20

3m

h milled powder compacts was dominated by y-Fe.

(2) In general, the overall and open porosities of sintered
samples decreased with the increase of milling duration at
both 640 and 1200°C. When the samples were sintered at
640°C, the overall and open porosity slightly decreased from
~46.6vol% and 35.2vol% for the 10 h milled powder com-
pacts to ~44.2vol% and 32.7vol% for the 20 h milled powder
compacts. After sintering at 1200°C, the overall and open
porosities of the samples remarkably decreased from
~58.3vol% and 55.0vol% for the 10 h milled powder com-
pacts to ~51.3vol% and 47.2vol% for the 20 h milled powder
compacts.

(3) Milling time played a significant impact on the com-
pressive properties of the sintered samples. The strain for
macroscopic crack initiation increased from 30% for the 10 h
milled powder compacts to 50% for the 20 h milled powder
compacts, and the corresponding stress increased from
~80 to ~470 MPa. It is also found that the ductility improved
as a function of milling time.
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