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Abstract. Bipolar plates (BPP) is a vital component of proton exchange membrane fuel cells 
(PEMFC), which supplies fuel and oxidant to reactive sites, remove reaction products, collects 
produced current and provide mechanical support for the cells in the stack. This work concerns 
the utilization of mill scale, a by-product of iron and steel formed during the hot rolling of 
steel, as a potential material for use as BPP in PEMFC. On the other hand, mill scale is 
considered a very rich in iron source having characteristic required such as for current collector 
in BPP and would significantly contribute to lower the overall cost of PEMFC based fuel cell 
systems. In this study, the iron reach source of mill scale powder, after sieving of 150 mesh, 
was mechanically alloyed with the carbon source containing 5, 10, and 15 wt.% graphite using 
a shaker mill for 3 h. The mixed powders were then pressed at 300 MPa and sintered at 900 °C 
for 1 h under inert gas atmosphere. The structural changes of powder particles during 
mechanical alloying and after sintering were studied by X-ray diffractometry, optical 
microscopy, scanning electron microscopy, and microhardness measurement. The details of the 
presence of iron, carbon, and iron carbide (Fe-C) as the products of reactions as well as 
sufficient mechanical strength of the sintered materials were presented in this report.  

1. Introduction 
In recent years, due to the demand of energy consumption continuously increasing along with the 
depletion of resources, the development and research on renewable energy is essential to overcome 
this energy issue. Proton exchange membrane fuel cells, as one of the most promising renewable 
energy technology for stationary, portable and automotive applications, have attracted much attention 
mainly because of their light weight, low operating temperature and producing electricity from 
electrochemical reactions in an environmentally friendly manner [1]. PEMFC consists of various 
components, among which bipolar plates allocate about 60 to 80% of PEMFC weight and 30 to 45% 
of their cost [2], hence one of the most important components of PEMFC due to their volume and cost. 

The bipolar plates are typically made from graphite, composite, and metal plates [3]. With respect 
to corrosion resistance, graphite is preferable. However, the conductivity of this material is still much 
lower than that of metallic one. The machining cost of graphite BPP is very high, which account for as 
much as 60% of the stack cost. The porous nature and brittleness of graphite also prevent people from 
utilizing it. Extensive works have been made to develop alternative BPP materials to replace it [4]. 

http://creativecommons.org/licenses/by/3.0
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Alternatives fall into composite and metallic based BPP. It has been estimated that for composites and 
metal plates, the cost of BPP would be only 15 to 29% of the stack cost [5]. Due to their high strength, 
metallic BPP can be made of very thin sheets with a thickness of 0.1 mm or less [6-9]. Therefore, 
metallic BPP is considered as the most important substitute for graphitic ones, due to ability to mass 
production and decreasing PEMFC volume and weight, which lower the overall manufacturing cost 
[10]. Low cost materials are also essential for fruitful combination of PEMFC into the commercial 
energy sector [11]. As an alternative one, waste-based materials can also be utilized as raw materials, 
for instance mill scale. Mill scale is a waste material from the steelmaking industry and considered has 
rich iron content (about 70 - 75% Fe). Thus, the high content of Fe in mill scale is potentially used as 
raw material for manufacturing metallic-based BPP. In this study, in order to reduce the cost as well as 
to utilize the industrial mill scale waste, we report a study of the utilization of mill scale based BPP 
with some variation addition of graphite for evaluation and justification on their microstructural, 
physical, and mechanical properties. 

2. Experimental 
In the present study, the industrial mill scale (as received from PT Krakatau Steel, Cilegon, Indonesia) 
the chemical composition (wt.%) of Fe total: 74.24%, Fe metal: 0.20%, Fe2O3: 52.02%, SiO: 0.25%. 
CaO: 0.97%, MgO: balance (analyzed by XPS), was chosen as raw material. After sieving of 150 
mesh and preparing the substrate sample, the graphitic material as a carbon source was added with 
variation of 5, 10, and 15 wt.%. The carbon was considered to lead the formation of Fe-C, specifically 
in their austenite phase. Thus, the blends was mechanically alloyed using a shaker mill in a 
discontinues milling manner with milling speed of 600 rpm, delay time of 20 minutes, and total 
milling time of 3 h. To prepare the green body, the milled powders were pressed with 300 MPa load at 
room temperature into the mould with diameter of 20 mm and targeted thickness of 3 mm. The green 
body was then sintered at 900 ºC for 1 h under inert gas atmosphere. After grinding and polishing, the 
samples obtained were microstructure analyzed by optical microscopy (OM Bestscope BS6000AT) 
and scanning electron microscopy (SEM Hitachi SU 3500). Phase analysis was carried out by X-ray 
diffraction (XRD SmartLab, Rigaku) with a copper anode x-ray tube with 2θ from 10 to 90o using a 
0.01o step size and 0.25 second count time. To measure the surface hardness of sample, Vickers 
hardness was analyzed by Microhardness Tester (HV Leco LM100AT). 

3. Results and discussion 

3.1. Phase characterization  
The X-ray diffraction analysis was used to identify the phase present in the material during the 
sintering process. Figure 1 shows the XRD peaks profile for sample in the powder (before sintering) 
and solid (after sintering) state. From the as received mill scale, it was known that iron oxides were the 
predominant substances in the material before mixing and the amount of metallic iron is not 
significant (0.20%). For the powder of pure mile scale (0 wt.% addition) as shown in figure 1a, the 
presence of wustite (FeO) and magnetite (Fe3O4) was recorded. At this condition the ferritic (Fe) phase 
was not detected, indicating insignificant of metallic iron or due to very low intensity of Fe peak. 
However, for the sintered sample it shows very high peaks of Fe species at 2θ value of 44.354º with 
reflection index of (001). For all mixing powder with various addition of graphite after milling for 3 h 
(figure 1b, 1c, 1d), it has shown typical peaks profile that detected only wustite and magnetite, the 
difference is only wider peaks compared with the pure one (figure 1e). The wider peaks of mixing 
powder can be contributed due to the finer size of graphite powder; however the peak of graphite itself 
still cannot detected this due to the origin of requirement of much higher sinter temperature (>> 2000 
ºC) of graphite compared with the ferritic based material (mill scale). In this study, one can be 
considered the graphite also act like a “binder" or "matrix” for the mixing product of mill scale-
graphite. This benefit for its homogenous bonding of Fe-C; yet it is still far from their ideal sinter 
condition. For the sintered mill scale-graphite (solid), one can see that the Fe species also could be 
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detected, even though not the highest peak one, at 2θ about 70 to 80º. This showed that the flowing of 
inert gas and sintering process at 900 ºC are suitable to converts the metal oxide (FeO or Fe3O4) that 
are present in mill scale into pure Fe, although still in the α-Fe (ferritic) phase; whereas, the desired 
phase in this study is the austenite (γ-Fe) phase. 
 

 
Figure 1. XRD patterns of milled powder and solid sample with graphite addition of (a) 0, (b) 5, (c) 
10, (d) 15 wt.%, and (e) XRD patterns of original mill scale, graphite, and 5 wt.% of powder 
samples. The obtained phases are wustite (FeO), magnetite (Fe3O4) and ferritic (Fe). 

 
The presence of ferritic is due to the origin of mill scale that starting emerged the iron species after 

sintering at 900 oC and flowing under inert atmosphere. From the evidence of XRD, there are two 
possibilities occurred. (i) The ‘thermal energy’ of sintering temperature causing the oxygen element in 
the metal oxide ‘diffuse-out’ of the matrix in a mill scale and allow the formation of new species, such 
as iron (Fe). Other one, (ii) it can be due to the nature of impurities that probably contained in the 
chemical composition of mill scale that will affect into their sintering temperature and process. 
Therefore, the presence of impurities makes graphite difficult to diffuse-out and react with the mill 
scale (Fe species) compound; for instance become Fe3C, so that no atomic bonding reactions or alloy 
phase occurred between the elements on the mill scale-graphite at the condition of 900 ºC.    

3.2. Vickers hardness 
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Vickers hardness test was carried out on the surface of the sintered sample to evaluate Fe-C bonding 
with respect of graphite addition. The optical micrographs of the penetrated area after diamond 
indentation showed wider diamond flaking zone (not shown here) with increasing of graphite addition. 
Microhardness values of the samples are shown in figure 2. As clearly seen, the pure mill scale sample 
(0 wt.% graphite addition) have the highest microhardness (320.8 VHN) than the graphite added 
samples. The lowest microhardness value is 103.53 VHN belong to sample with 15 wt.% graphite 
addition. Thus, the sample shows a decrease in hardness with increasing of graphite addition. This is 
probably due to low interfacial bonding of Fe-C caused by inappropriate sintering temperature at 900 
ºC condition. One should consider that the desired sintering temperature of pure graphite must be 
higher than 2000 ºC. Therefore, the initial stage for diffusion process of Fe-C shows incomplete 
bonding. However, when it was compared with the commercial pure graphite of BPP, i.e. 24 HVN 
(directly measured in our lab), the obtained hardness values are still much higher. One can be 
rationalised from the above results are due to the origin of low hardness value of graphite itself, when 
mixed with the mill scale (ferritic based materials) it will contribute into lower hardness value. This 
also inferred that the desired Fe-C phase (Fe-C bonding) at sinter condition of 900 ºC is not fully 
achieved. Therefore, the samples are probably still in the composite state.  
 

 
Figure 2. Vickers hardness result of the sample with graphite 
addition of 0 to 15 wt.%. 

3.3. Micrograph analysis 
Figure 3 shows SEM top view images of all sintered samples with respect of graphite addition of 0, 5, 
10, and 15 wt.% after sintering at 900 ºC for 1 h. It clearly shows a significant morphology different 
between with and without graphite addition. The pure mill scale based sample (figure 3a) shows 
inhomogeneous grain structure morphology while the graphite added samples (figures 3b, 3c, 3d) 
show relatively homogenous. At this condition, all samples still show some pore morphology. 
However, with increasing of graphite addition the pore morphology shows decrease. For the pure mill 
scale (0 wt.% graphite addition), the main reason of such pore morphology can be addressed due to the 
various of its original elemental/compound composition of mill scale that not totally react at sinter 
condition of 900 ºC. Hence, the imperfect phase transformation process and diffusion between each 
compound causing such inhomogeneous morphology. This also probably can be explained due to 
different of diffusion rates and some different of lattice movement between each compound of mill 
scale so that causing such different of grain size and shape as well as its pore morphology existence. 
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Figure 3. SEM micrograph of the sintered sample with graphite 
addition of (a) 0, (b) 5, (c) 10, and (d) 15 wt.%. 

 
 In the pure mill scale sample, indeed the pore structures are still exist; However, in term of 
hardness level, the pure one is the highest one. This can be explained due to its better compound 
bonding (as clearly showed in figure 4a) where the grain boundary is formed at this condition, even 
not fully yet homogenous. While the 15 wt.% graphite addition sample (figure 4b), the grain boundary 
is difficult to be identified. Therefore, this grain boundary state most probably contribute into its better 
hardness value of pure mill scale (0 wt.% graphite addition) than the graphite added samples. Figure 5 
shows the optical micrograph of all samples. One can be seen that with increasing graphite addition 
the density of the ‘white colour’ is increasing. It means the graphite is distributing more with increase 
its addition number. 
 

 
Figure 4. Comparison of SEM micrograph images of the sintered 
sample with (a) 0 and (b) 15 wt.% graphite addition at magnification 
of 5000x and 15000x. 
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Figure 5. Optical micrograph images of the sintered sample with 
graphite addition of (a) 0, (b) 5, (c) 10, and (d) 15 wt.%. 

4. Conclusions and future work 
In this report, the elaboration of using mill scale-based bipolar plate material for PEMFC was studied. 
We fabricated with variation of graphite addition (0, 5, 10, 15 wt.%) and sintered at 900 ºC for 1 h 
under inert gas atmosphere. The XRD analysis revealed that the obtained phases are wustite (FeO) and 
magnetite (Fe3O4), while for the sintered sample the ferritic (Fe) phase is also can be detected, 
inclusive for the pure mill scale. The hardness evaluation showed that the pure sample is much higher 
(320.8 VHN) than the graphite added samples. This is tentatively distributed to the not optimum sinter 
condition of mill scale-graphite. The micrograph analysis showed the grain boundary morphology of 
the pure mill scale sample. While the added graphite samples are hardly to be identified, however, 
their graphite distribution can be confirmed by its optical micrograph results. Those results suggest 
that the mill scale waste has some potential application as bipolar plate material; however it still need 
further research investigation and evaluation prior to their ideal bipolar plate component application. 
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