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Abstract: A Fe-35Mn-1C alloy with a foam structure, incorporating 5% potassium carbonate 
(K2CO3), was successfully synthesized, demonstrating an austenite phase and an acceptable degra-
dation rate for an implant candidate. However, excessive carbon content led to the formation of a 
graphite phase and increasing hardness. To address this, variations in lower carbon composition 
(0% and 0.5%) were explored to enhance mechanical properties and achieve a fully austenite phase 
with non-magnetic properties. Mechanical alloying of the powder materials was performed using 
the rotary mixing method and was followed by sintering process in argon atmopher. The sintered 
samples underwent comprehensive characterization, including physical, chemical, mechanical 
properties, and degradation behavior. The Fe-Mn-C biomaterial exhibited an austenite and manga-
nese oxide phase with a favorable degradation rate. This study showed K2CO3 is not only as a 
foaming agent but also could contribute to carbon alloying into the Fe-Mn alloy system. 
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1. Introduction 

Various examples of metallic based biomaterials that are widely used include aus-
tenitic stainless steel SS316L, Ni-TiNol, Mg alloys, Co-Cr alloys, Ti alloys, sponge material, 
and metallic glass. SS316L, as a metallic biomaterial commonly used in biomedical appli-
cations, is easy to fabricate, has high corrosion resistance, and is readily available. Aus-
tenitic stainless steel has advantages such as good corrosion resistance, high ductility, and 
diamagnetic properties that do not interfere with MRI examinations [1]. Additionally, Co-
based metallic biomaterials, such as Co-Cr-Mo, are widely used in dental applications and 
artificial joints[2] because they do not contain Ni, which can have adverse effects on the 
body, have good hardenability, and are non-toxic. Co alloys also have better strength, ra-
diopacity, and corrosion resistance under stress conditions compared to stainless steel[3]. 
Titanium alloys, which are emerging in the field of biomaterials, have good corrosion re-
sistance and biocompatibility[4], as well as osseointegration properties that allow direct 
bonding with the human body on a microscopic scale[5]. 

The development of biodegradable biomaterials for temporary implant applications 
has significantly advanced over the past few years. These biodegradable materials have 
proven to address the shortcomings of non-biodegradable biomaterials, such as long-term 
irritation and chronic inflammation. A biomaterial is considered biodegradable if it can 
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naturally degrade within the body, is non-toxic, and has optimal corrosion resistance 
suited to its application. Biodegradable biomaterials for coronary stents must possess ex-
cellent mechanical properties and affordable degradation rates. Prolonged presence of 
stents in the body can lead to adverse effects such as thrombosis and restenosis[6, 7]. Cur-
rently, metals like magnesium (Mg)[8] and iron (Fe)[9] are being extensively developed 
for biodegradable biomaterial applications, often with the addition of other alloys to en-
hance the desired mechanical properties and characteristics. 

Iron (Fe) is a promising alternative for biodegradable biomaterials. In vivo testing 
has demonstrated that Fe has potential for medical applications requiring degradable ma-
terials[10], such as stents implanted in blood vessels. However, pure iron has a drawback 
of a slow degradation rate for biodegradable biomaterial conditions. To address this, pre-
vious research has combined Fe with 35% Mn to increase its degradation rate[11]. Man-
ganese (Mn) also forms an austenite phase, making it safe for magnetic-based medical 
examinations like MRI.  

Previous research has shown that manganese levels correlate with cell viability[11], 
and were discovered that carbon can substitute for manganese, potentially reducing tox-
icity levels. Additionally, several various foaming agents has been tested, including car-
bamide and potassium carbonate[9, 11]. The results indicated that increased carbon con-
tent led to the formation of cementite and several ferrite phases. Since a little investigation 
in powder metallurgy process of FeMnC alloy that used a K2CO3 as a foaming agent in the 
microstructural and phase formation. Therefore, this study aims to investigate the effects 
of K2CO3 addtion as an additional carbon source and foaming agent. 

2. Materials and Experiment Methods 

The alloy was produced by commercially pure iron (Fe), ferromanganese (FeMn), 
pure manganese (Mn), pure carbon (C), and potassium carbonate (K2CO3) as a foaming 
agent. Powder metallurgy methods were employed to maintain purity and minimize con-
tamination in the Fe-35Mn-C alloy. This study focused on producing Fe-35Mn-C bio-
materials with K2CO3 as the foaming agent, varying the carbon content at 0%, 0.5%, and 
1%. The materials were mixed using rotary mixing  for 2 hours and then compacted using 
uniaxial isotactic pressing. The compaction of powder mixtures was carried out under a 
pressure of 200 bars for 15 minutes. 

The sintering process was conducted in stages: initial sintering at 850°C for 180 
minutes, followed by a secondary sintering at 1100°C for 90 minutes. This approach was 
used to ensure sample densification before the decomposition of potassium carbonate as 
the foaming agent. The sintered samples were then characterized, for its microstructure 
observation with  picral etch, density and porosity measurements with an archimedes 
principle, X ray diffraction hardness, and ion release using Atomic adsoprtion spectosopy 
after 5 day immerison in Ringer solution with Parkin Elmer Analysis 400.  

The physical characterization of the material was determined by measuring density 
and porosity using the Archimedes principle, in accordance with ASTM A378-88 Standard. 
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The density testing principle involved comparing the mass of the sample in air to its mass 
in a fluid. Vegetable oil was used as the fluid to prevent sample corrosion. Density calcu-
lations for the material after compaction and sintering were performed using the following 
equation 1 and 2: 

 

                                                                                      
(1) 

 (2) 

The microhardness of the samples after sintering was measured using the Rockwell 
B method with a load of 100 kgF. Each sample (0% and 0.5% C) was indented five times 
for a better statistical result. The spacing between indentations was carefully controlled to 
prevent residual stress that could affect the hardness measurements. Additionally, inden-
tations were made in non-porous areas to ensure the values accurately represented the 
actual hardness of the samples. 

3. Results and Discussion 

Physical Characterization : Morphology, Porosity and Density 

The observation of porosity in the 0% and 0.5% C samples was conducted visually  
with an optical macrophoto graph. The porosity morphology of the samples can be seen 
in the Figure 1. Visual observations revealed that the porosity formed in the 0% C and 0.5% 
C samples, mixed using a rotary mixer, resulted in smoother and more uniform porosity 
compared to the 1% C samples mixed manually. This difference is likely due to the more 
even mixing achieved with the rotary mixer compared to manual mixing with a mortar. 
The foaming agent K2CO3, which creates pores in the samples, is better distributed and 
preserved when mixed with a rotary mixer, leading to more consistent and finer pores. 

All observed samples exhibited closed-cell foam porosity, where pores are not inter-
connected. Visual observations showed that samples mixed with the rotary mixer had finer 
pores than those mixed manually. Optical microscopy, without etching, revealed that po-
rosity became coarser with increasing carbon content, and a more uniform distribution 
was achieved with rotary mixing compared to manual mixing. This is because K2CO3, a 
hygroscopic compound, remains drier and is better dispersed when mixed using a rotary 
mixer, as it avoids the mechanical destruction that occurs with manual mixing. K2CO3 can 
easily become wet when exposed to air or in prolonged contact with other materials. The 
rotary mixing process helps maintain its dryness by minimizing mechanical impact, as the 
powder is simply placed in a rotating tube 
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Figure 1. Visual condition of as sintered FeMnC-K2CO3 materials with various carbon content  

(a) 0% c (b) 0.5% and (c) 1% C 

Porosity in the 0% C, 0.5% C samples mixed using a rotary mixer, and the 1% C sam-
ples mixed manually with a mortar, can arise from three mechanisms. The first mechanism 
involves the decomposition of the foaming agent K2CO3, which starts at 890°C, producing 
CO2 gas. This decomposition leaves behind pores and some residual K2O in the sample. 
In addition to the CO2 generated by the foaming agent, pores may also form due to inade-
quate particle bonding during sintering or through the diffusion of Mn into the Fe matrix. 
Mn diffusion creates pores as it moves towards the sintering atmosphere and then re-dif-
fuses into the Fe matrix. 

Density changes in the samples occur due to the formation of foam structure (poros-
ity) after the sintering process. Two types of density were measured to determine the per-
cent porosity of the samples: sample density and theoretical density. Sample density is 
obtained using Archimedes' principle by comparing the sample's weight in air with its 
weight in a fluid. Theoretical density is calculated using the Rule of Mixture based on the 
composition of each sample (0% C, 0.5% C, and 1% C). The density and percent porosity 
of each sample were calculated. For the sample with 0% C, the sample density was 4.357 
g/cm³ and the theoretical density was 7.361 g/cm³, resulting in a porosity of 40.8%. For the 
sample with 0.5% C, the sample density was 4.324 g/cm³ and the theoretical density was 
7.333 g/cm³, leading to a porosity of 41.0%. In previous research, the sample with 1% C 
showed similar measurements. 
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Figure 2. Effect of carbon in density of Fe-Mn-xC  

The graph in Figure 2 shows that the theoretical density decreases from the 0% C 
sample to the 0.5% C sample but increases from the 0.5% C sample to the 1% C sample. 
This variation is due to differences in the materials used: for the 0% and 0.5% C samples, 
pure iron (Fe), pure manganese (Mn), pure carbon (C), and K2CO3 were used, while for the 
1% C sample from previous research, pure iron (Fe), ferromanganese (FeMn), pure carbon 
(C), and K2CO3 were used.  

In the current study, the sample densities for 0% and 0.5% C align with the theoretical 
densities, where density decreases with increasing carbon content. However, the 1% C 
sample from previous research showed an inverse relationship between sample density 
and theoretical density. This discrepancy is because the Mn content in the 1% C sample 
came from FeMn rather than pure Mn. Mn in FeMn has a higher density than pure Mn, 
resulting in greater porosity and consequently lower sample density 

In addition to affecting the sample density after sintering, the addition of carbon (C) 
and the mixing process also impact the percent porosity. This can be observed in Figure 3. 
From the porosity percentage graph in Figure 3, it can be observed that the increase in 
porosity percentage of the Fe35MnC-0.5K2CO3 alloy is more significantly influenced by 
the mixing process. The samples mixed using a rotary mixer (0% and 0.5% C) exhibit lower 
porosity percentages compared to those mixed manually (1% C). This is due to the rotary 
mixing method producing finer pores, meaning that the pore size is smaller, which results 
in a lower porosity percentage. 
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Figure 3. Effect of carbon content ón porosity 

Phase analysis 

Observations from the 100X magnification microstructure photos indicate that the 
porosity formed in samples with powder mixing using a lathe machine (0% and 0.5% C) is 
more evenly distributed compared to samples mixed manually with a mortar as shown in 
figure 4. As previously mentioned, the mixing process significantly affects the condition 
of K2CO3, the foaming agent. In rotary mixing, K2CO3 is more evenly distributed and less 
damaged due to the absence of impact and air exposure, as the mixing occurs in a closed 
chamber. The micrographs obtained make it difficult to identify the phases formed in the 
samples. The challenges in preparing samples with smooth and even surfaces lead to dif-
ficulties in optical microscopy due to the high porosity of the samples. Therefore, further 
testing was conducted.using Xray diffraction. 

 

Figure 4. Microstructure of the samples at 100X magnification: (A) 0% C mixed with rotary mixer, etched 

with Picral+HCl; (B) 0.5% C mixed with rotary mixer, etched with Picral+HCl; (C) 1% C mixed manually, 

etched with Nital. 
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The XRD tests revealed that the phases formed in the 0% and 0.5% C samples are 
austenite (γ) and manganese oxide (MnO), showing consistent trends across samples. 
These results align with the initial targets and are supported by observations from SEM 
analysis. 

These results indicate that some carbon diffused into the material, originating from the 
decomposition of K2CO3 produced a CO and K2O.  The CO will diffuse into the iron pow-
der and make a solid solution with the iron to produce an Austenite phase. 

 

 

Figure 5. X-ray diffraction result 

 

Hardness Test 

The hardness values obtained from the Rockwell B method can be seen in Figure 6. 
This careful measurement approach ensures that the data accurately reflects the material 
properties of the sintered samples. It was found that the hardness of the samples increased 
with the percentage of carbon (C)- In this study, Carbon atoms interstitially integrated into 
the Fe matrix, causing lattice distortion that impedes dislocation movement, thereby in-
creasing the material's hardness. 

Compared to the hardness of SS 316L steel, the hardness values of the samples in this 
study are much lower. Conversely, the hardness of the 1% C sample is significantly higher 
than that of SS 316L steel. The hardness values are 28.8 HRB for the 0% C sample, 31.4 HRB 
for the 0.5% C sample, and 195 HRB for the 1% C sample, while the maximum hardness 
value for SS 316L steel is 95 HRB. This different phenomena could be related with the ce-
mentite formation as mentioned in previous publication.[1] 
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Figure 6. Effect oft he carbon content in FeMnC produced by powder metallurgy 

Ion Release 

Corrosion testing on the samples was conducted using Atomic Absorption Spec-
trometry (AAS). This method was chosen over polarization due to the latter's limitations 
in accurately representing the corrosion rate in porous samples. AAS testing was per-
formed to determine the number of dissolved ions of various elements in samples im-
mersed in Ringer's lactate solution, which simulates body fluid conditions relevant for 
stent applications. The tests were conducted on the immersion solutions of each sample (0% 
and 0.5% C) over 1, 3, and 5 days to assess degradation properties. Based on Figure 4.11, it 
was found that the average dissolved ions of Fe and Mn in all tested sample solutions 
decreased over time.This result similiar with our previous study.[1] 

Based on Figure 7, the average dissolved ions of Fe and Mn in all tested sample so-
lutions decreased from the first day to the fifth day of immersion. This decline indicates a 
slowing corrosion rate in the samples. The reduced number of dissolved Fe and Mn ions 
suggests the formation of an oxide layer on the sample surface, which originates from the 
sample corrosion products and acts as a barrier to further corrosion. 

As shown in figure 7, the average dissolved Fe ions decreased daily from 10.4 mg/L 
after one day of immersion to 5.9 mg/L after three days, and 4.3 mg/L after five days on 
the 0% C sample,. Similarly, the average dissolved Mn ions in the 0% C sample dropped 
from 13.5 mg/L after one day of immersion to 5.5 mg/L after three days, and 3.9 mg/L after 
five days in the Ringer lactate solution. For the 0.5% C sample, the average dissolved Fe 
and Mn ions also decreased daily. The average dissolved Fe ions in the 0.5% C sample 
decreased from 11.4 mg/L after one day of immersion to 5.4 mg/L after three days, and 4.3 
mg/L after five days. Similarly, the average dissolved Mn ions decreased from 14.3 mg/L 
after one day of immersion to 5.7 mg/L after three days, and 3.8 mg/L after five days. From 
the average dissolved Fe and Mn ion data for the 0% and 0.5% C samples, it was found 
that all measured values remained within safe limits for in-body applications, staying 
within the daily Uptake Level (UL) .[12,13] 
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Figure 7. Dissolve ion during the immersion in ringer solution 

4. Conclusions 

Based on the data and analysis conducted in this study, the following conclusions 
can be drawn: 

• The powder mixing process using the rotary mixing method can refine pore size 
and reduce the porosity percentage of the Fe35MnC-5%K2CO3 alloy. 

• Visual observations revealed that the porosity formed in the Fe35Mn-5% K2CO3 
alloy is closed-cell foam. 

• Observations using XRD showed the formation of austenite (γ) and manganese 
oxide (MnO) phases in Fe35MnC-5%K2CO3 with 0%, 0.5%, and 1% C. 

• Hardness values obtained through the Rockwell B method indicate that hardness 
increases with the addition of C, with a hardness of 28.84 HRB for the 0% C sample and 
31.42 HRB for the 0.5% C sample. 

• The degradation rate of Fe and Mn ions in the Fe35MnC-5%K2CO3 alloy decreases 
with increased immersion time. The Rockwell B hardness values show an increase in 
hardness with the addition of C, with the 0% C sample having a hardness of 28.84 HRB 
and the 0.5% C sample having a hardness of 31.42 HRB. 
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