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Abstract: FeMn30Cu5 is a biodegradable and multi-component alloy that can be used to repair bone
defects in load-bearing parts in the medical field. This work focuses on studying the influence of milling
time and ball-to-powder ratio (BPR) on the mechanical behavior of FeMn30Cu5 alloys via mechanical
alloying and hot-forging. Three different milling times (1, 5.5, and 10 h) and BPRs (5:1, 10:1, and 15:1)
were used as the main independent variables. MA was performed at 300 rpm in ethanol; the synthesized
powders were dried, hot-compacted at 550 MPa, and sintered under an inert atmosphere (1000 ◦C,
15 min) using a medium-frequency induction furnace and hot-forging. The mechanical behavior in
terms of Vickers hardness, compressive stress–strain curves, and percentage theoretical density was
investigated. This experimental work revealed that both milling time and BPR significantly influenced
the grain size reduction owing to variations in the severe plastic deformation and mechanical collisions
produced by the milling medium. The hardness and ultimate strength of the FeMn30Cu5 alloy processed
at 10 h and 15:1 BPR were 1788.17 ± 4.9 MPa, which was 1.5 times higher than those of the same alloy
processed at 1 h and 5:1 BPR (1200.45 ± 6.5 MPa). Austenite iron (g-Fe), ferrite-iron (a-Fe), a-Mn, and
a-Cu phases were observed in XRD and SEM images. The formed a-Mn and a-Cu overlapped with
the g-Fe lattice because of the diffusion of Mn and Cu atoms during sintering and hot-forging. The
incorporated 30 wt.% of Mn and 5 wt.% of Cu stabilize the austenite phase (good for MRI scans in
medical applications), which contributed to promoting superior mechanical properties with milling time
(10 h) and BPR (15:1) due to severe structural defects.

Keywords: Fe-Mn-Cu alloys; mechanical alloying; hot-forging; characterization; mechanical behavior

1. Introduction

Currently, biodegradable alloys with controlled corrosion rates in a tissue environment
are typically produced from iron-based alloys rather than magnesium-based alloys [1–4].
Biocompatible parts perform their function over a period of time and begin to degrade
safely inside organs without any side effects [5–7]. Iron-, magnesium-, and zinc- based
alloys are commonly used biodegradable alloys that are tested in animals (orthopedic and
cardiovascular parts) and require high structural strength [8–10]. Comparable mechanical
and biocompatible properties can be achieved from Mg-based alloys [11–13]. Although
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mg-based alloys exhibit a high corrosion rate in osteogenic environments, they produce
hydrogen gas, which restricts their application in the medical field. Zn-based alloys are an
alternative and new class of biodegradable metals that begin to corrode moderately [14–16].
According to several researchers and recommendations [17–21], iron-based alloys exhibit
excellent biocompatibility. Moreover, Fe-based alloys exhibit high strength and ductility.
However, the degradation rate of iron is insufficient to produce biocompatible parts [22–24].
Therefore, some studies have found that the incorporation of Mn with Fe significantly
enhances the degradation rate of Fe [17,22–26]. In addition to Mn, Si, Pd, Ca, and Ag, C and
Cu are alloying elements that increase the corrosion rate and improve the bioresorbability
of implant parts [3,17,27,28].

Schinhammer et al. [17] investigated the use of FeMn with Pd as a biodegradable
alloy. The authors found that the incorporation of Pd into the FeMn alloy promoted
micro-galvanic corrosion by acting as a cathodic site. The incorporation of Ca and Mg into
FeMn alloys was studied by Hong et al. [29], who developed the alloys via mechanical
alloying. Their results demonstrated an improvement in corrosion rate and tensile strength.
Zu et al. [30] investigated the use of Fe-Mn-Si alloys, which increase corrosion rate and
ultimate tensile strength, owing to the formation of martensite and austenite phases after
consolidation [30]. Liu et al. [31] developed an Fe-Mn-Ag alloy and conducted electro-
chemical tests, which demonstrated that the developed alloys possess a high corrosion rate,
owing to the precipitation of Ag particles. Hufenbach et al. [32] developed an FeMn30C1
alloy with 0.025 wt.% of S, due to which the alloy exhibited MnS as precipitates. The
formed MnS precipitates enhanced the strength and corrosion rate of simulated body fluid.
Tang et al. [33] reported that the selection and incorporation of Cu in FeMn alloys boosted
the antibacterial effect and reduced infections during medical treatments, especially in
surgery. According to Zhang et al. [34], Cu is an important microelement in the human
body that stabilizes the functions of human organs and regulates metabolic processes, as
described by Ingle et al. [35]. Recently, Mandal et al. [35] demonstrated the improvement
in the degradability and biocompatibility of FeMnCu alloys through in vitro and in vivo
studies and recommended their use in fracture fixation elements. In summary, based on the
literature, Cu can be used as an alloying element in FeMn systems, which can be further
used as a biodegradable alloy. FeMn-based biodegradable alloys can be processed using
vacuum arc melting [36] and power metallurgy [30] techniques, in which the P/M route
can provide improved properties owing to the elimination of intermetallic compound
formation. Mechanical alloying (MA) is the best processing method for the P/M route,
which produces a homogeneous alloy [37]. MA is not only used for the reduction of powder
particle size, crystallite size, and changes in the internal structures. The MA process signifi-
cantly changes the powder surface morphology, deformation ability of powder particles,
and produces meta stable phases [38]. In MA, several process parameters influence the
performance of the developed alloy, among which milling time and ball-to-powder ratio
(BPR) are significant parameters [39]. In general, an increase in BPR increases milling
effects, such as the number of mechanical collisions over time, and lowers the powder
particles, consequently increasing the velocity of a single ball during milling [40]. To the
best of the authors’ knowledge, there are no studies related to the variation of MA process
parameters on the development of FeMn biodegradable alloys to examine the effect of
grain size on structural changes, variation in hardness, percentage theoretical density, and
mechanical performance. Therefore, the main objectives of the present study are to: design
and develop an FeMn30Cu5 alloy via MA; vary the milling times (5.5, 10, and 15 h) and
BPRs (5:1, 10:1, and 15:1); consolidate the synthesized powders into bulk samples through
hot-compaction followed by sintering using a medium-frequency induction furnace and
hot-forging; and examine the mechanical behavior in terms of relative density, hardness,
and compressive stress–strain curves.
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2. Materials and Methods
2.1. Materials Synthesis Using Different Milling Parameters

Pure elemental powders of Fe, Mn, and Cu (more than 99% in purity) were purchased
from M/s Nanografi, Jena, Germany. Iron powders of 65 wt.%, manganese powders of
35 wt.%, and balance of Cu as 5 wt.% were weighed using electronic balance with four-
digit resolution to develop FeMn30Cu5 biodegradable alloys with different processing
parameters. Higher amounts of Mn (≥30 wt.%) content in Fe enhances the corrosion
rate and compatibility with magnetic resonance imaging (MRI), which is important for
biodegradable applications [41]. Cu is an important element for improving the metabolic
function and stability of organs [34]. A high-energy planetary ball mill (Pulverisette 5/2
classic line; Fritsch GmbH, Idar-Oberstein, Germany) was used to conduct the experiments.
The milling times (1, 5.5, and 10 h) and ball-to-powder mass ratios (BPRs, 5:1, 10:1, and
15:1) as the main input parameters were varied in this study. The milling parameters used
in this study are listed in Table 1. Intermittent milling was carried out to eliminate the heat
effect produced by the high-energy ball mill in which 15 min forward milling (clockwise
rotation), 15 min pause, 15 min reverse milling (counterclockwise), and 15 min pause were
programmed in the machine. Wet milling (ethanol) was performed automatically using a
programmable control system.

Table 1. Milling parameters used in the present study.

Name of Alloy Milling Time, h Ball-to-Powder Mass Ratio Other Milling
Conditions

FeMn30Cu5 1, 5.5, and 10 5:1, 10:1, and 15:1 Wet milling—ethanol.
Speed—300 rpm

2.2. Hot-Compaction, Sintering, and Hot-Forging

The synthesized powders were dried and stress relieved under vacuum in a tube furnace
(M/s Nabatherm, Lilienthal, Germany) at a temperature of 120 ◦C for 30 min. The stress-
relieved powders were then hot-compacted at a temperature of 550 ◦C for 45 min at a pressure
of 550 MPa and held for 10 min. The stress-relieved powders were poured inside the die-sets,
closed properly to avoid oxidization, and kept inside an electric induction furnace (M/s
Nabatherm, Lilienthal, Germany). The heating cycles were programmed using Nabatherm
software, and a heating rate of 10 ◦C per min was set. Once the required temperature was
550 ◦C, and the holding time was 45 min, the hot-die sets were safely removed and pressed
at a pressure of 550 MPa using a 25-ton hydraulic press. H13 die-steel was used for the
hot-compaction. Hot pellets 15 mm in diameter and 22 mm in height were obtained. A
graphite lubricant was applied to the die-wall surface before pouring the powder.

The hot-compacted pellets were sintered in a medium frequency induction furnace
(M/s Zhengzhou Yuanjie Chemical co., ltd, Zhengzhou, China). First, a hot-compacted
pellet was placed inside a graphite crucible; second, a hot pellet with a graphite crucible
was placed inside an alumina crucible that surrounded a copper tube coil with a cooling
water connection, and a lid with a hole to purge the Ar gas connection was used. A heat
input power of 2000 watts was used, which reached a temperature of 1000 ± 20 ◦C and was
held for 10 min. The sintered pellet was kept inside an H13 pre-heated and graphite-coated
die-set, forged at a pressure of 50 MPa, and cooled in air. Figure 1 shows a schematic
representation of the crystal structure of the as-received raw elemental powders, MA
process, and processing methods used in this study.
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Figure 1. Schematic showing the elemental powders, mechanical alloying process, hot-compaction,
sintering using medium frequency furnace, and hot-forging used in the present study.

2.3. Mechanical Testing and Characterization

The forged pellets were then sized to 14 mm in diameter and 18 mm in height for
mechanical testing. Compression tests were conducted using a universal testing machine
(M/s MTS Corporation, Eden Prairie, MN, USA) with a traverse speed of 1 mm/min. The
machine was connected to a data acquisition system using Test-works software. Three
trials were conducted for each sample, and the average was used for investigation. Data
obtained from the machine (load and deformation) were used to determine the mechanical
properties. The engineering compressive stress (σc) was calculated using Equation (1):

σc =
Fc

A
(1)

where Fc is the compressive load acting on the specimen in ‘N’, and ‘A’ is the initial
cross-sectional area of specimen in ‘mm2′. The corresponding engineering strain (εc) was
calculated using Equation (2):

εc =
δh
h

(2)

where δh is the change in height (i.e., deformation) in mm, and h is the initial height of the
specimen. Compressive yield strength was calculated by 0.2% strain off-set method. The
actual density of the forged samples (ρact) was measured using Archimedes principle, as
per Equation (3):

ρact = R× ρwater (3)
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where R is the relative density, and ρwater is the density of water at room temperature. The
relative density (R) of the forged samples was determined using Equation (4):

R =
mair

(mair −mwater)
(4)

where mair is the mass of the sample in the air column, and mwater is the mass of the sample
in the water column. The percentage theoretical density (%TD) was calculated using
Equation (5):

%TD =
ρact

ρth
× 100 (5)

where ρth is the theoretical density, which was calculated based on the rule of mixtures, as
per Equation (6):

ρth = fFeρFe + fMnρMn fCuρCu (6)

where fFe, fMn, and fCu are the volume fractions of Fe, Mn, and Cu, respectively. ρFe, ρFe,
and ρFe are the theoretical densities of Fe, Mn, and Cu, respectively. Bulk samples of 15 mm
in diameter with a height of approximately 10 mm pellets were used to examine the Vickers
hardness, phase formation using X-ray diffraction (XRD, Empyrean, Malvern Panalytical,
source: CuKa = 1.54 Å), and microstructural evolutions by HR-SEM with EDS and EBSD
analyses (Apreo FEG-HR-SEM, 30 keV, 1.3 nm resolution at 1 keV). Before HR-SEM analyses,
hot-forged samples were mounted with acrylic resin using a mounting press (Cito-Press 30,
Struers, Cleveland, OH, USA); mechanical grinding was carried out using different grit
sizes of SiC papers (300, 400, 600, 800, 1000, 2000, and 3000 grits/inch2); polishing was
carried out in 3 µm diamond solution using a polishing machine (Labosystem, Struers,
Cleveland, OH, USA); and then, the samples were chemically etched using Nital solution
(3% HNO3 in an ethanol solution). Differential scanning calorimetry (DSC) was performed
on the synthesized powders using a Netzsch TG-DSC instrument up to 1600 ◦C at a heating
rate of 10 ◦C per min. The DSC test was conducted under an Ar atmosphere to examine the
displacement reaction upon heating. Micro-hardness with a load of 100 gf/mm2 for 15 s
was applied to the sample at room temperature, and at least 10 readings were recorded at
different locations. Before conducting the hardness tests, the samples were ground with
SiC grit papers of different grades (200, 400, 600, 1000 and 2000) and polished using an
Al2O3 lapping paste. The hardness test indentation diagonal size (d) was measured, and
the Vickers hardness number was calculated using Equation (7):

HV = 1.854
F
d2 (7)

where F is the applied load in kgf. Averages, standard deviations, and standard errors were
calculated.

3. Results and Discussion
3.1. Influence of Milling Time and BPR on Thermal and X-ray Diffraction Analyses

Figure 2 shows the DSC curves of the synthesized milled powders obtained under
two different conditions for FeMn30Cu5 biodegradable alloys. One sample curve was
related to milling for 1 h with a BPR of 5:1, whereas the other sample curve was related to
milling for 10 h with a BPR of 10:1. Both curves exhibited significant peak rises towards
the exothermic reaction side up to 400 ◦C, indicating the evaporation of the incorporated
PCA of ethanol [42]. Then, an exothermic peak appeared at approximately 500 ◦C (point A)
and started to decrease at 650 ◦C (first endothermic peak at point B), which represents
the recrystallization starting from point A to the recrystallization end at point B. With an
increase in temperature beyond 650 ◦C, the observed peaks started to increase towards the
exothermic side considerably, indicating severe grain growth in the powder particles at
approximately 925 ◦C (point C). With a further increase in temperature, the DSC curves
started to decrease towards the endothermic side, indicating considerable absorption of
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heat. A sharp drop in the endothermic peak occurred at 1472 ◦C and 1437 ◦C for the
samples milled for 1 h with a BPR of 5:1 and for the sample milled for 10 h with a BPR
of 10:1. This endothermic peak indicated the melting point of the sample. These results
clearly demonstrate the significant effect of milling parameters on the thermal behavior. A
longer milling time (10 h) with a high BPR value (10:1) resulted in the lowest melting point,
owing to the presence of more surface energy in the powder materials. In other words, a
longer milling time and high value of BPR introduce more milling energy to the charged
materials because of the high velocity of the ball (less mass of powders and more mass of
balls in 10:1). The melting point of FeMn30Cu5 milled for 10 h and a BPR of 10:1 shifted
to a lower value, owing to the import of more kinetic energy on the charged materials.
The changes in the melting point with milling time and BPR confirmed that the lattice
distortion occurred in the sample. Less chemical energy may be necessary to break the
chemical bonds during sintering, and, hence, 10 h with the BPR 10:1 sample produces a
lower melting temperature [43].
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The X-ray peak profiles of FeMn30Cu5 biodegradable hot-forged alloys processed with
different BPRs (5:1, 10:1, and 15:1) after 10 h of MA are shown in Figure 3. The XRD results
showed that the FeMn30Cu5 biodegradable hot-forged alloy exhibited ferrite iron (α-Fe,
BCC, Ref No:01-087-0721), retained austenite iron (γ-Fe, FCC, Ref No:01-088-2324), BCC
α-Mn, and FCC α-Cu phases. The formation of ferrite and austenite iron phases in FeMnCu
alloys has been reported previously [44–46]. The formation of α-Mn phase is expected to
increase the degradation rate, and the incorporation of Cu (more than 3 wt.%) enhances
the austenite formation in FeMn alloys, as reported elsewhere [47]. The formation of the
austenitic iron phase in the developed alloy is beneficial for MRI in medical applications [44].
Based on the XRD peaks, there were no pure Mn and Cu peaks. The formed α-Mn and
α-Cu overlapped with the γ-Fe lattice because of the diffusion of Mn and Cu atoms during
sintering and hot-forging. Therefore, the incorporation of the 30 wt.% of Mn and 5 wt.%
Cu stabilize the austenite phase, which is expected to enhance the mechanical properties.
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Table 2 presents the numeric value of the full width half maximum, peak intensity, center of
peak, and area of peak after 10 h with different BPR samples after hot-forging. The observed
peak widths and intensities varied as a function of the BPRs. The BPR 5:1 sample exhibited
a sharp peak and a high peak intensity (184.51 cps) with a lower peak width (0.3845◦),
owing to less energy being imported into charged materials, leading to a lower amount of
specific energy. However, the BPR 15:1 sample produced a low peak intensity (153.01 cps)
and a greater peak width (0.4473◦), owing to the greater amount of kinetic/mechanical
energy collisions occurring in the charged materials, leading to a higher amount of specific
energy. Therefore, a BPR of 15:1 introduces more structural changes for the same milling
time of 10 h compared to a BPR of 5:1. This means that more severe plastic deformation,
fracturing, and strain hardening are expected to occur in powder materials with a high
BPR value of 15:1. These results clearly demonstrate the significant variation in structural
changes with milling time and BPR during MA. The presence of a large peak width in the
BPR of the 15:1 sample was expected to produce better mechanical properties.
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Figure 3. X-ray diffraction peak profiles of FeMn30Cu5 biodegradables hot-forged alloys milled at
different BPRs (black color: BPR 5:1; red color: BPR 10:1; blue color: BPR 15:1).

Table 2. Influence of BPR on full width half maximum, peak intensity, center of peak, and area of
peak after 10 h MA with different BPRs of FeMn30Cu5 biodegradables hot-forged alloys.

Milling
Time, h

Ball-to-
Powder

Ratio

BCC-Mn Peak BCC-Fe Peak

Center of
Peak,
Deg

Full Width
Half

Maximum,
Deg

Peak
Intensity,

Cps

Area of
Peak

Center of
Peak,
Deg

Full Width
Half

Maximum,
Deg

Peak
Intensity,

Cps

Area of
Peak

10 5:1 43.51 0.3845 184.51 76.76 45.10 0.3868 635.15 296.74

10 10:1 43.44 0.4307 167.41 80.69 44.92 0.4251 588.72 307.91

10 15:1 43.20 0.4473 153.01 85.78 44.76 0.4601 556.81 343.17

3.2. FE-SEM Microstructural Analyses of Hot-Forged Alloys

Figure 4 shows the FE-SEM microstructures of chemically etched FeMn30Cu5 hot-
forged biodegradable alloys processed under different milling conditions. The results
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clearly demonstrate the significant differences in the microstructures obtained under the
corresponding milling conditions. The hot-forged alloy milled for 1 h with a BPR of 5:1
exhibited a coarse ferrite-iron phase (α-Fe) with an average grain size of 72 ± 4.5 µm
(Figure 4a). Hot-forged alloys milled at 1 h with BPR 10:1 and BPR 15:1 samples produced
the average ferrite grain size of 50 ± 3.6 µm (Figure 4b) and 38.6 ± 4.7 µm (Figure 4c),
respectively. The observed α-Fe grains started to decrease considerably with a BPR of 10:1
and slightly with a BPR of 15:1 compared with a BPR of 5:1 for the same milling time of 1 h
due to more grain refinement with increasing BPR. However, with increasing BPR for the
same milling time of 1 h, the observed porosity also increased, indicating the introduction
of more surface energy and dislocations lead to increased porosity [37,48]. Furthermore, at
a shorter milling time of 1 h, the FCC-Cu coarse phase (white region in Figure 4a–c) was
observed in the hot-forged alloys, indicating the non-dissolution of Cu atoms in the α-Fe
lattice, owing to the low milling energy introduced in the charged materials.
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Figure 4. FE-SEM microstructures of FeMn30Cu5 hot-forged biodegradable alloys processed at
different milling conditions: (a) 1 h with BPR 5:1; (b) 1 h with BPR 10:1; (c) 1 h with BPR 15:1;
(d) 5.5 h with BPR 5:1; (e) 5.5 h with BPR 10:1; (f) 5.5 h with BPR 15:1; (g) 10 h with BPR 5:1; (h) 10 h
with BPR 10:1; (i) 10 h with BPR 15:1.

With increasing milling time from 1 h to 5.5 h, hot-forged alloys produced an average
α-Fe grain size of 16.8 ± 2.7 µm, 9.5 ± 2.4 µm, and 5.5 ± 1.8 µm for BPR 5:1, BPR 10:1, and
BPR 15:1, respectively (Figure 4d–f). These results explain the considerable reduction in
grain size with increasing milling times and BPRs leading to considerable absorption of heat.
After milling for 5.5 h, the hot-forged alloys exhibited a retained austenite-iron (γ-Fe) phase
in addition to the α-Fe phase, owing to severe plastic deformation and dislocations that
occurred in the structure, which promoted the formation of the γ-Fe phase after sintering
and hot-forging [37,48]. The formation of the γ-Fe phase was expected to enhance its
mechanical properties. In addition, the coarse FCC-Cu phase was not observed in the
SEM microstructures (no white region, Figure 4d–f), indicating a solid solution of FCC-Cu
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atoms in the Fe lattice. With further increasing of milling time up to 10 h, hot-forged alloys
exhibited the average grain size of 1.1 ± 0.8 µm, 0.64 ± 0.4 µm, and 0.38 ± 0.3 µm for BPR
5:1, BPR 10:1, and BPR 15:1, respectively (Figure 4g–i). The results clearly demonstrate
that drastic structural changes occurred with increasing milling time and BPR, which led
to different microstructural evolutions. To show the formation of γ-Fe, α-Fe, α-Mn, and
α-Cu phases, FE-SEM with higher magnification was carried out, and the results are shown
in Figure 5. The FeMn30Cu5 hot-forged alloy for 1 h with the BPR 5:1 sample exhibited
γ-Fe, α-Fe, α-Mn, and α-Cu phases [44,47], in which a non-uniform distribution of the
rich α-Mn phase was observed. The non-uniform distribution of the α-Mn-rich phase was
attributed to the low-energy import in the charged materials. However, with increasing
milling time for the same BPR (5:1), the sintered and hot-forged FeMn30Cu5 biodegradable
alloys exhibited a uniform distribution and solid solutions of α-Mn and α-Cu phases in
addition to γ-Fe and α-Fe phases. These results clearly indicate that severe structural
refinement occurs with increasing milling time. In other words, the charged materials are
usually subjected to more severe plastic deformation with increasing milling time and BPR,
leading to refined internal structures (reduction in grains, changes in lattice strain, and
changes in dislocations, etc. [37,48]) and increases in stored energy, which also promote
the austenite-iron phase after sintering and hot-forging. The stored energy with increasing
milling time and BPR promotes phase transformation, owing to a decrease in activation
energy [49]. The formation of the austenite-iron phase with increasing milling time was
observed and reported by several researchers [50].
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Figure 5. Various phase observations at higher magnification of E-SEM microstructures of FeMn30Cu5

hot-forged biodegradable alloys processed at different milling conditions: (a) 1 h with BPR 5:1;
(b) 5.5 h with BPR 5:1; (c) 10 h with BPR 5:1.

To show the alloy formation and dispersion of incorporated elements in the FeMn30Cu5
alloys under different milling conditions, FE-SEM with live and elemental maps was carried
out on hot-forged alloys, and the same is shown in Figure 6a–c for 5.5 h with BPR 5:1, 5.5 h
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with BPR 10:1, and 10 h with BPR 15:1 samples, respectively. The results demonstrated that
the incorporated elements were uniformly dispersed, indicating the successful formation
of the alloy. In addition, coarse FCC-Cu spots were observed in 5.5 h with the BPR 5:1
sample because of the low energy imported into the alloy (Figure 6a), whereas uniform
and ultra-fine dispersion of FCC-Cu atoms was observed in 10 h with the BPR 15:1 sample
(Figure 6c) because of the high-energy import in the alloy, leading to the introduction of
more dislocations [37]; consequently, this sample may be expected to produce improved
mechanical performance.
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Figure 6. FE-SEM live and elemental mapping of FeMn30Cu5 hot-forged biodegradable alloys
processed at different milling conditions: (a) 5.5 h with BPR 5:1; (b) 5.5 h with BPR 10:1; (c) 10 h
with BPR 15:1. First column represents the HR-SEM microstructures; second column represents the
elemental overlay map; third, fourth, and fifth columns represent the elemental map of Fe, Mn, and
Cu, respectively.

The FE-SEM with EBSD analyses, in terms of the colored grain map and phase contrast
map of the hot-forged FeMn30Cu5 alloys, are shown in Figure 7 under different milling
conditions. The EBSD colored grain map of hot-forged FeMn30Cu5 alloys processed for
10 h with BPR 5:1 (Figure 7a) exhibited fine grains of both austenite-Fe and ferrite-Fe phases.
The average grain size based on EBSD colored grain map was 0.92 ± 0.53 µm, which is
matched with the size obtained from FE-SEM etched microstructures (Figure 4g). The
corresponding phase contrast map is shown in Figure 6b, in which 72.34% of retained
austenite (FCC) and 27.66% of ferrite (BCC) phases were obtained in 10 h with BPR 5:1 hot-
forged alloy. The EBSD colored map of hot-forged FeMn30Cu5 alloys processed for 10 h with
BPR 10:1 (Figure 7c) produced ultrafine grains of both austenite and ferrite phases [37,44].
The average grain size obtained from EBSD colored map was 0.54 ± 0.25 µm, which is
also matched with the results obtained from FE-SEM microstructure of the same sample
(Figure 4h). Figure 7d shows the corresponding phase contrast map of Figure 7c, in which
84.20% of retained austenite (FCC) and 15.8% of ferrite (BCC) phases were obtained in
10 h with BPR 10:1 sample. These results indicate that increasing the BPRs promoted the
formation of the retained austenite phase (FCC) and refined the grain size [44]. This is
attributed to additional structural refinements, dislocations, and increases in the specific
surface energy produced by high energy mechanical collisions [37,44,48]. The grain size
distribution with area fraction and the distribution of the misorientation angle with number
fraction were examined to show the structural changes and grain refinement, as shown in



Crystals 2022, 12, 1777 11 of 19

Figure 8. Based on Figure 8a,c, it is clear that the distributions of grain size were shifted
towards the left in 10 h with the BPR 10:1 sample compared to 10 h with the BPR 5:1 sample,
indicating structural changes and grain refinement with increasing BPR (Table 2). Similarly,
distribution of misorientation angle at 10 h with BPR10:1 sample exhibited more percentage
of high-angle grain boundaries, HAGBs (57.70%), and shifted to higher angle compared to
10 h with BPR 5:1 sample, which produced HAGBs of 50.56%. These results demonstrate
that more grain refinement and structural changes occurred at high BPR values (Table 2
and Figure 4).
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phase contrast map of (b,d), green represent FCC-austenite, and red represent BCC-ferrite phases.
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3.3. Examination of Percentage Theoretical Density and Vickers Hardness Strength

Figure 9 shows the variation in the percentage theoretical density of the FeMn30Cu5
hot-forged biodegradable alloys with the milling time (1, 5.5, and 10 h), and BPRs (5:1,
10:1, and 15:1). The measured percentage theoretical densities and error bars are listed in
Table 3. The measured percentage theoretical density started to decrease considerably with
the milling time and BPRs. Both the parameters were significantly affected. For instance, at
10 h, the measured percentage theoretical density values were 84.45, 83.78, and 82.14% for
BPRs of 5:1, 10:1, and 15:1, respectively. The decreased percentage theoretical densities of
BPR 10:1 and BPR 15:1 samples compared to the BPR 5:1 sample were 0.80% and 2.73%,
respectively. Similarly, at BPR 10:1, the measured percentage theoretical density values
were 86.78, 84.36, and 83.78% for 1, 5.5, and 10 h respectively. The decreased percentage
theoretical density of 5.5 h and 10 h samples compared to 1 h sample was 2.79% and 3.46%,
respectively. These results clearly indicate that with increasing milling times and BPRs,
structural refinements, severe plastic deformation, and dislocations increased significantly
in the structure leading to increased structural defects (Table 2 and Figure 4) [38,44]. Hence,
the measured theoretical density began to decrease with increasing milling time and BPRs.
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Table 3. Variation of milling times and ball-to-powder ratios on percentage theoretical density, Vickers
hardness strength, and mechanical properties.

Milling
Time, h

Ball-to-
Powder

Ratio

Percentage
Theoretical

Density

Vickers
Hardness

Strength, HV

Mechanical Properties

Yield Strength,
MPa

Strain at
Yield Point

Ultimate
Strength, MPa

Strain at
Ultimate

Point

1 5:1 88.45 ± 0.85 76.23 ± 3.8 497.25 ± 4.8 2.70 1200.45 ± 6.5 33.71

1 10:1 86.78 ± 0.68 80.45 ± 2.5 529.32 ± 3.6 2.50 1304.87 ± 7.5 32.36

1 15:1 85.14 ± 0.55 86.32 ± 1.7 560.52 ± 3.1 2.42 1399.46 ± 5.9 31.88

5.5 5:1 86.32 ± 0.75 87.68 ± 1.4 572.76 ± 2.9 2.68 1380.49 ± 6.4 33.27

5.5 10:1 84.36 ± 0.18 93.34 ± 2.1 638.81 ± 5.2 2.65 1513.64 ± 4.8 32.01

5.5 15:1 83.18 ± 0.31 98.42 ± 1.1 684.15 ± 4.6 2.82 1560.51 ± 5.3 31.43

10 5:1 84.45 ± 0.25 102.35 ± 3.2 640.15 ± 3.4 2.43 1617.93 ± 6.1 32.57

10 10:1 83.78 ± 0.88 108.78 ± 2.3 718.84 ± 2.7 2.55 1714.95 ± 5.5 31.40

10 15:1 82.14 ± 0.35 112.47 ± 2.0 748.38 ± 3.6 2.49 1788.17 ± 4.9 30.58

Figure 10 shows the variation in the Vickers hardness strength of the FeMn30Cu5
hot-forged biodegradable alloys processed at different milling times (1, 5.5, and 10 h) and
BPRs (5:1, 10:1, and 15:1); the values are listed in Table 3. The results demonstrated that the
measured Vickers hardness strength increased significantly with the milling time and BPRs,
owing to the increase in the severe plastic deformation of charged materials, dislocations,
structural refinements, strain hardening, and specific energy (Table 2 and Figure 4) [38]. For
instance, at 10 h, the measured Vickers hardness values were 102.35, 108.78, and 112.47 HV
for the BPRs of 5:1, 10:1, and 15:1, respectively. The increased percentage of Vickers hardness
values of BPR 10:1 and BPR 15:1 samples compared to the BPR 5:1 sample was 6.28% and
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9.88%, respectively. Similarly, at BPR 10:1, the Vickers hardness values were 80.45, 93.34,
and 108.78% at 1, 5.5, and 10 h respectively. The increased percentages of Vickers hardness
values of 5.5 h and 10 h samples compared with the 1 h sample were 16.02% and 35.21%,
respectively. These results clearly demonstrate that the measured Vickers hardness strength
was influenced more by the milling time than the BPR because of the increase in mechanical
kinetic energy collisions owing to the lower amount of powder and high velocity of the
balls for the same milling time [44]. In addition, with increasing BPRs, the formation of
the retained austenite (FCC) structure started to increase, which might be attributed to the
enhancement of the Vickers hardness strength (Figures 4 and 7).
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3.4. Examination of Mechanical Behavior by Compressive Stress–Strain Curves

The compressive stress–strain curves of the FeMn30Cu5 hot-forged biodegradable
alloys processed under different milling conditions are shown in Figure 11. The mechanical
properties calculated based on Equations (1) and (2) are listed in Table 3. The compressive
stress–strain curves showed that the compressive stress–strain curves started to increase
significantly with milling time and increased considerably with increasing BPRs. With
increasing milling time, the strain hardening and flow softening behavior began to in-
crease in all the BPRs after yielding. The 10 h milled samples exhibited the dominance
of strain hardening compared to flow softening because of more structural refinements,
entangled dislocations, and the presence of more specific energy produced by longer
milling times [37,44]. In addition, the shifting of the compressive stress–strain curves
upwards with BPR was attributed to an increase in the austenite phase in the internal
structures (Figures 4 and 7). The variations in the compressive yield and ultimate strengths
with milling time and BPRs are shown in Figure 12a,b, respectively. From Figure 12, it is
clear that both milling times (1, 5.5, and 10 h) and BPRs (5:1, 10:1, and 15:1) significantly
influenced the yield and ultimate strengths. For example, at 1 h, the yield strength was
497.25, 529.32, and 560.52 MPa for BPR5:1, BPR10:1, and BPR 15:1, respectively. The in-
creasing percentage of yield strength of BPR 10:1 and BPR 15:1 samples when compared
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to the BPR 5:1 sample was 6.50 and 12.71%, respectively, which confirmed the presence of
more structural refinements and dislocations [37,44]. Similarly, at a BPR of 10:1, the yield
strengths were 529.32, 638.81, and 718.84 at 1, 5.5, and 10 h, respectively. The increasing
percentage of yield strength of 5.5 and 10 h samples compared to 1 h sample was 20.68 and
35.80%, respectively. This result indicates that at a BPR of 10:1, the increase in milling time
significantly affected the yield strength of the FeMn30Cu5 hot-forged alloys owing to more
mechanical energy, strain hardening, dislocations imported on the charged materials, grain
refinements, and more structural changes (Figures 4, 7 and 8 [48]). The same phenomena
were observed for the ultimate strengths of the developed alloys processed under different
milling conditions. Overall, by considering strength and more deformation by strain, the
10 h with BPR 15:1 sample exhibited considerable ultimate strength (1788 MPa) and strain
(30.58%), which may be recommended for biodegradable applications.
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Figure 11. Engineering compressive stress–strain curves of FeMn30Cu5 hot-forged biodegradable
alloys processed under different milling conditions: (a) 1 h and BPRs (5:1, 10:1, and 15:1); (b) 5.5 h and
BPRs (5:1, 10:1, and 15:1); (c) 10 h and BPRs (5:1, 10:1, and 15:1). The arrow indicates the significance
of mechanical milling parameters on compressive stress–strain performance upwards.
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4. Conclusions

In this study, FeMn30Cu5 hot-forged biodegradable alloys were developed under
different milling conditions in which the milling times and BPRs were varied. Powders
were synthesized by MA, followed by hot-compaction, sintering in a medium-frequency
furnace, and hot-forging. The microstructural evolution and mechanical behavior were
examined in detail. From this study, the following conclusions were drawn.

• Based on the DSC results of the synthesized powders, the observed melting point of
the FeMn30Cu5 biodegradable alloy powders milled for 10 h and a BPR of 10:1 was
shifted to a lower value (1437 ◦C), owing to the import of more kinetic energy by
mechanical collisions and the presence of more specific energy.
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• The X-ray peak profile results demonstrated the formation of ferrite (α-Fe, BCC),
retained austenite (γ-Fe, FCC), FCC-Mn, and FCC-Cu phases in the hot-forged samples.
The BPR 15:1 sample exhibited a reduction in the peak intensity and an increase in
peak width, owing to more kinetic/mechanical energy collisions occurring in the
charged materials, leading to a greater amount of specific energy and grain refinement.

• The FE-SEM microstructures showed that after milling for 5.5 h, the hot-forged alloys
exhibited a retained austenite-iron (γ-Fe) phase in addition to the α-Fe phase, owing
to severe plastic deformation and dislocations occurring in the structure, leading to
the promotion of the γ-Fe phase after sintering and hot-forging.

• The FE-SEM live and elemental map results confirm that the incorporated elements
were dispersed uniformly after 5.5 h of MA, indicating the successful formation of an
alloy when milling for 5.5 h with any BPRs (5:1, 10:1, or 15:1).

• The measured percentage theoretical density results showed that the percentage
theoretical density started to decrease significantly with the milling time and BPRs.
Furthermore, the Vickers hardness strength increased significantly with milling time
and BPRs, owing to the increase in the severe plastic deformation of the charged
materials, dislocations, structural refinements, strain hardening, and specific energy.

• The mechanical behavior in terms of compressive stress–strain curves showed that the
stress–strain curves started to increase significantly with the milling time and increased
considerably with the BPRs. With increasing milling time, the strain hardening and
flow softening behavior began to increase in all the BPRs after yielding. In addition,
both milling times (1, 5.5, and 10 h), and BPRs (5:1, 10:1, and 15:1) significantly
influenced the yield and ultimate strengths, owing to the structural changes and grain
refinement by MA.

• Overall, by considering strength and more deformation by strain, the 10 h with BPR
15:1 sample exhibited considerable ultimate strength (1788 MPa) and strain (30.58%),
which may be recommended for biodegradable/biomedical applications.
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