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Abstract: The feasibility of production of MWCNT reinforced iron matrix nanocomposite through mechanical alloying 

route is studied. Different process control agents in wet and dry condition are tried to produce the nanocomposite of 

improved interfacial bonding. It is found that there is a great risk of mechanical and/or chemical degradation of 

reinforcements due to prolonged milling under wet process control agent. The tendency of formation of metastable 

cementite phase is enhanced at higher concentration of reinforcement material. Optimal processing enables to produce 

nanocomposite by high energy ball milling with uniform distribution of MWCNT in iron matrix. 
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1. Introduction: 

Since the discovery of carbon nanotube (CNT) in 1990’s, much attention has been  given to this material due 

to its high potential for critical applications[1-3].Microwave absorbing property of this material  is 

investigated by a number of workers by way of filling Carbon nanotubes with powders of iron[4] or 

cobalt[5,6]. 

Following successful application of CNTs as reinforcement in polymer matrix for achieving fascinating 

properties, a great deal of research interest has aroused within the scientific community to produce novel 

metal matrix nanocomposites. However, fabrication of metal matrix CNT composites is a difficult task; CNTs 

are known to have high tendency for agglomeration due to Vander Waals forces between them. Also high 

aspect ratio is responsible such agglomeration when used as reinforcement material for preparation of 

composites. However, there are research reports on the use of multiwall carbon nanotubes (MWCNT) as 

reinforcing material in aluminum matrix nanocomposite [7-10]. Tendency towards agglomeration has stood in 

the way of uniform dispersion of MWCNT in metal matrices. Another difficulty of production of metal 

matrix-CNT composites arises from the poor interfacial bonding between metal matrix and MWCNTs. 

Different synthesis routes are under trial for production of metal-MWCNT nanocomposite of reproducible 

structure and properties. In recent time’s mechanical alloying (MA) route i.e., high energy ball milling method 

has been successfully employed for the production of CNT reinforced Al-matrix composites [11]. However, 

the process of mechanical alloying as applied to metal matrix-CNT composites suffers from the problem of 

mechano-chemical degradation of CNT reinforcements; in fact reaction between matrix metal and CNT is a 

common problem. A school of thought advocates that the formation of carbide in aluminum-MWCNT 

interface reduces the wettability and hence aids in achieving a better interfacial bonding whereas another 

group of researchers believe that interfacial reaction decreases the capacity of MWCNTs to enhance 

properties of the composites to the desirable extent. However reports on fabrication of iron matrix-MWCNT 

composites are not abundant in the literature. It is known that iron and carbon are highly affinitive to each 

other and so mechanical alloying may lead to mechano-chemical synthesis of iron and carbon to form iron 

carbides. It therefore appears of worth to study the feasibility of producing iron-MWCNT composite through 

mechanical alloying route with adequate preservation of the structure of MWCNTs. In the present 

investigation attempts are made to evolve optimum high energy ball milling conditions for production of iron- 

based nanocomposite reinforced with multiwall carbon nanotubes. This study has focused on the production 
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of MWCNT reinforced iron nanocomposite without detriment to the size and shape and tubular graphite 

structure of the reinforcing nanotubes.  

 

2. Experimental work 

2.1 Materials:  

The starting materials used in the present study consist of iron powder and carbon nano-tubes (CNTs) of 

predetermined sizes and shapes. Iron powder(Sigma Aldrich) of purity >99% , size 325 mesh, ≈44μm), and of  

irregular of shape is used to constitute metal matrix ,while  the multiwall CNTs fabricated by chemical vapor 

deposition (CVD) method with purity greater than 98wt% and having 1-2nm outer diameter with 3-8μm 

length are used for the investigation. FE-SEM and TEM micrographs characterize the structural morphology 

of as-received iron and MWCNTs employed for the present experimentation (Fig.1). 

 

Fig.1 (a) SEM image of pure iron(b) TEM image of MWCNT and (c) HR-TEM image of  MWCNT. 

2.2.  Production of CNT nanocomposite 

Multi-walled CNTs are added to iron powder ranging from 1 to 2 wt%. High energy ball milling with both dry 

and wet process control agents are carried out to study the relative merits of either of them. 

2.2.1 Wet Method 

Multi-walled CNTs are sonicated in 50 ml. ethanol for ten minutes. Iron powder is then added to the solution 

and ultrasonication is continued for about five minutes. The solution mixture is then heated to 50°C for 

complete vaporization of ethanol. The homogenized mixture has been subjected to high - energy ball milling 

with ball to powder ratio of 6:1 (BPR) at 200 rpm for various time periods (2hrs) of time. The ethanol is used 

as a process control agent during ball milling. 

2.2.2 Dry Method 

Fe-CNT powder is mechanically mixed thoroughly in a mortar and then transferred to the planetary ball mill. 

In order to produce desired Fe-CNT nanocomposite, high energy ball milling of the mixture has been carried 
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for varying periods of time; 2wt % stearic acid is used as a process control agent. High energy ball milling is 

conducted with ball to powder ratio of 6:1 at a milling speed of 200 rpm. 

2.3. Characterization of ball milled composites 

Microstructural evolution of nanocomposite with progress in milling time has been studied by field emission 

scanning electron microscope of model, NOVA NANOSEM 450, at an accelerating voltage of 15KV. Xpert-

Pro Pan Analytical model  XRD system is used for X-Ray Diffraction study; it is carried out was carried 

within 2θ range of 20-100° for powder sample  at scan speed of 2
0
/min. Microstructural study of  

nanocomposites is also done at higher resolution with the aid of high resolution transmission electron 

microscope (Tecnai G
2
20 FEI S Twin). 1 mg powder sample, dispersed in absolute alcohol is subjected to 

ultrasonication for 30 minutes; 20 µl of ultrasonicated suspension is taken from the top layer and dropped on 

carbon coated grid. The sample becomes ready for HRTEM observation after complete evaporation of 

ethanol. 

 

3. Result and Discussion 

3.1 SEM Analysis   

 

Fig 2(a) SEM image of 2wt % of CNT in Fe and (b) SEM image at higher magnification show the CNT 

structure are embedded . 

The microstructures of HEBM composite containing 2 wt.% MWCNT are shown in Fig.3. Fig.3a shows that 

ball milling of Fe-2wt.% MWCNT for 2 hours tends to make the metal particles somewhat flattened. The 

structure at higher magnification also delineates that the CNTs are embedded well into the matrix metal. 

Moreover, the MWCNTs are seen to be have been appreciably shortened. Such shortening of CNTs were also 

observed by previous investigators in HEBM metal matrix composite [12].  High magnification photograph 

also discerns a good interfacial bonding of MWCNT within the flattened matrix metal. 

3.2. XRD Analysis. 

X-ray diffraction result of nanocomposite produced by the use of wet PCA is shown in Fig.2 the characteristic 

diffraction peaks of pure iron are observed in the concerned diffractrogram. The absence of any CNT peak 

despite its addition by 1wt% indicates that the CNTs might have been chemically degraded due to the reaction 

with ethanol at 50
o
C. However it requires more detailed study to confirm the mechanism of this reaction as it 

is not understood with the available experimental evidence. 
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Fig.3.XRD pattern of (a) Pure iron (b) Fe/CNT  (1 weight %) composite Fe-CNT after 2h milling by wet 

method; no CNT peak is observed. 

In the dry method of production of nanocomposite, no CNT peak is observed in its XRD spectrum even when 

concentration of CNT is 2wt% and milling is continued for2 hours (Fig.3); interestingly, the diffraction peaks 

of orthorhombic cementite are observed in the above diffractogram. It is therefore clear that production of Fe-

CNT composite through MA route suffers from the risk of formation of iron carbide in accordance with the 

classical mechanism of alloy formation during mechanical alloying. Since size of iron particle is very small 

(~44 μ), milling operation for a long duration ensures the formation of cementite along with some iron oxide.  

 

Fig.4. XRD pattern of the (a) Pure iron (b) Fe/CNT (2wt%) composite for 2h milling showing the formation 

of cementite peak. 
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If MWCNT content is kept at 1wt%, CNT peak at 26.4
0
 is observed in XRD spectrum (Fig.4). At such lower 

MWCNT content, of 1 wt%, the XRD result shows that further oxidation has taken place during MA with 

solid stearic acid as PCA (Fig.4). 

 

Fig.5. XRD pattern of the (a) Pure iron (b)Fe/CNT (1wt%) composite for 2h milling 

Moreover it is observed from the results of X-ray diffraction that there has been a shift of iron peaks after 

formation of Fe-1 wt.% MWCNT nanocomposite through MA route(Table1). 

Table 1 Shift of [110] peak of iron in nanocomposite 

Pure iron(2θ)  peak-110  Composite(2θ) 110 peak 

 

shift 

44.889 2θ=44.796 0.093 

 

This shift of peak towards lower angle implies that the lattice parameter of iron is changed to higher value. 

This can be accounted by dissolution of carbon into adjacent iron crystals. Low relative intensity of CNT 

recorded in the diffraction curve is indicative of the fact  CNT concentration is depleted either by  dissolving 

in iron;  absence of cementite peak reasons out its formation at 1wt.% concentration of MWCNT. However 

the hypothesis cannot be conclusive until more elaborate experiments for quantitative estimation of carbon - 

iron bond is made. 

3.3. Transmission Electron Microscopy: 

 The high -resolution image of Fe-2wt%CNT reveals a clean interface between iron and MWCNT; this 

implies that a good interfacial bonding is attainable in iron-MWCNT composite. The SAED pattern of the 
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composite from the same spot shows continuous ring pattern characteristic of MWCNT. Ring pattern indexed 

as of (110) of iron indicates that the iron particles have become very fine and therefore precludes the 

formation of spot pattern from a single crystal. However the electron diffraction rings characterizing iron are 

found to be rather diffused. This is indicative of the fact the iron crystals are highly strained; this strain is 

originated from the high magnitude of ball milling load partitioned to iron particles. Therefore dislocation 

density in iron is quite high. The dislocations act as the centre of segregation of carbon atoms[13]. Thus 

proximity of iron and carbon at atomic scale leads to 2p-3d hybridization [14]. Hence a good interface 

bonding is secured. This is evidenced in HRTEM in Fig.6 (a-b) which shows a smooth interface between iron 

and MWCNT. On the other hand the same HRTEM records the presence of iron carbide (cementite) at some 

places within iron crystals. This is ascribed to appreciable mechano-chemical activation in 2wt.% MWCNT 

composite ball milled for two hours which has  led to synthesize of iron carbide to some extent.   This entices 

to conclude that in the initial stage, the CNT goes in solution in iron and, of course more intensive and 

prolonged milling may ultimately lead to the formation of cementite. 

 

Fig.6. ( a) show the SDAE pattern of Fe+CNT 2wt%( b)  HRTEM image of Fe+CNT 2wt% shows the d 

spacing of cementite and Ferrite . 

3.4. Raman Spectroscopy: 

 

Fig.7. Raman spectra of pristine MWCNT and of Fe-MWCNT nanocomposite containing different wt.% of 

MWCNT. 
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Fig.7 shows the Raman spectra of pristine MWCNT as well as of Fe-MWCNT composites of varying weight 

percent of MWCNT. The spectrum of pristine MWCNT shows characteristic G (graphite) and D(defect) band 

respectively at 1350and 1552 cm-
1
. The strong peaks of G aand D band are suggestive of perfect graphite 

structure of MWCNTs. Another peak at 2700 cm-
1
 is also observed. This peak has been observed by previous 

workers and is assigned as G' band [15, 16]. It is known that any change in size and shape of the above bands 

in MWCNT (viz. widening and shortening) is indicative of introduction of defects in the graphite structure of 

MWCNT. The structural degradation in MWCNTs is also manifested by positional shift of G and D bands in 

Raman spectra. Moreover, the ratio of intensities of D and G band, i.e ID/IG is a measure of structural defects 

in MWCNT. The results of Raman Spectroscopy of HEBM composite samples are summarized in Table2. 

Table. 2 Summarized results of Raman Spectroscopy 

 

SAMPLE RAMAN PEAK SHIFT (Cm
-1

) 

 

D band                               G band 

ID/IG 

 

Pristine CNT 

1343 1571 .98 

 

Fe+CNT 1 wt% 2hrs milling 

1349 1575 1.02 

Fe+CNT 2wt%  2hrs milling 

 

1353 1589 1.09 

 

From the results it is observed that ID/IG of composite samples increases with MWCNT content after 2 hours 

of high energy ball milling; also there is shift of the G bands towards higher wave number. All these imply 

that MWCNT while milled with iron has undergone structural degradation. Harsh ball milling conditions are 

reportedly responsible for structural degradation in metal-MWCNT composites [17]. The widening and 

shortening of D and G band also support the conjecture that ball milling leads to damage in MWCNT 

structure; however, from the shape of peaks of G and D band in ball milled composite samples (Fig.7)  it is 

apparent that complete amorphization of MWCNT does not take place under the present experimental 

condition. The significant of flattening  of G' band  is indicative of more severe damage in of MWCNT in 2 

wt.% iron-MWCNT composite after 2 hours of high energy ball milling. It is thought that BEBM cause 

damage of MWCNT structure which disrupts its C-C bonds; disruption of bonds make carbon atoms available 

to segregate at dislocations in iron crystals. This leads to 3d-2p hybridization between iron and MWCNTs, as 

a result of which a very good interfacial bonding is achieved. This is corroborated by HRTEM observation in 

Fig.6. However increasing the MWCNT content to a higher value like 2 wt.% leads to severe damage of 

MWCNT, which leads to more carbon absorption by iron. The supersaturated solid solution leads to formation 

of cementite within iron crystal as observed in HRTEM (Fig.6). However simple mechano-chemical 

synthesize between iron and carbon might have also been responsible for the formation of cementite as 

observed in the present study.  

 

5. Conclusions: 

The authors wish to conclude that MA route for production of CNT reinforced iron nano composites suffers 

from the risk of degradation of MWCNT at high percentage of addition due mechano-chemical activation. 

Careful optimization of composition and process parameters can enable to produce iron matrix-MWCNT 

composites of good interfacial bonding. 
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Figure Captions 

Fig.1(a)  SEM  image of pure iron(b) TEM image of CNT and (c) HR-TEM image of  MWCNT. 

Fig.2. XRD pattern of (a) Pure iron (b) Fe/CNT (1 weight %) composite Fe-CNT after  2h milling by  wet 

method; no CNT peak is observed. 

Fig.3. XRD pattern of the (a) Pure iron (b) Fe/CNT (2wt%) composite for 2h milling showing the formation 

of cementite peak. 

Fig.4 XRD pattern of the (a) Pure iron (b)Fe/CNT (1wt%) composite for 2h milling. 

Fig.5 HR-TEM of milling powder of (Fe+CNT). 
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Fig.1(a)  SEM  image of pure iron(b) TEM image of CNT and (c) HR-TEM image of  MWCNT. 

 

Fig.2. XRD pattern of (a) Pure iron (b) Fe/CNT (1 weight %) composite Fe-CNT after  2h milling by  wet 

method; no CNT peak is observed. 
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Fig.3.XRD pattern of the (a) Pure iron (b) Fe/CNT (2wt%) composite for 2h milling showing the formation of 

cementite peak. 

 

 

Fig.4 XRD pattern of the (a) Pure iron (b)Fe/CNT (1wt%) composite for 2h milling 
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Fig.5 HR-TEM of milling powder of (Fe+CNT). 

 

 

Table 1Shift of [110] peak of iron in nanocomposite 

Pure iron(2θ)  peak-110  Composite(2θ) 110 peak 

 

shift 

44.889 2θ=44.796 0.093 

 


