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Spark plasma sintering (SPS) behavior of pure iron powder was examined in detail. The sintering is 
controlled by both iron diffusion at necking region and plastic flow of the iron powder. As compaction 
pressure is high, plastic flow of the iron powder becomes large, resulting in a decrease in porosity and an 
increase in Vickers hardness of the sintered compact. High desification is obtained by SPS at the sintering 
temperature higher than 1173 K for 720 s under a compaction pressure of 70 MPa. This is because enhanced 
iron diffusion and large plastic flow are achieved under these SPS conditions. Decomposition of iron oxide 
fihn which is fonned on the surface of the iron powder occurs under SPS process, resulting in refining the surface 
of the iron powder. Thus, it is possible to obtain a high-densification compact by SPS at a relatively low 
temperature ( 1173 K) for a short holding time (720 s) without the usual pre-treatment for reduction of oxide film 
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1. INTRODUCTION 
Fiber-reinforced metal is a metal-matrix composite 

reinforced with high-strength fiber. Because aluminum 
is light and has a low melting temperature, several 
aluminum matrix composites have been developed. 
Since iron has a high melting temperature, reaction at 
the fiber/matrix interface is activated, resulting in 
damage of fiber. Therefore powder metallurgy is 
suitable for the production process of iron-matrix 
composite. However, there have been few reports 
regarding a fiber-reinforced iron-matrix composite. 

We have examined the processing of continuous 
ceramic fiber/iron alloy composite by hot isostatic 
pressing and hot pressing, and have reported that the 
preparation of a continuous ceramic fiber/iron alloy 
composite with unifonn dispersion of fiber becomes 
feasible by choosing an appropriate combination of 
mixing method of fiber and iron alloy powder and 
sintering [1,2]. Much attention have recently been paid 
to spark plasma sintering (SPS) as a new sintering 
method. In SPS, generation of spark plasma between 
powder particles, activation of the surface of the powder 
due to spark plasma, and promotion of atom diffusion 
due to plasma energy may occur, resulting in decreases 
in the sintering temperature and time as compared with 
conventional sintering methods (3]. As the application 
of SPS to iron alloys, the results of high-Cr iron alloys 
[4-9], high-Cr cast iron [10-12], and Fe-0.8mass%C 
alloy [13] have been reported. However there have been 
few reports regarding the application of SPS to 
fiber-reinforced iron-matrix composite. In addition, 
activation of the surface of the iron powder with oxide 
film owing to spark plasma and sintering behavior of 
iron powder during SPS have not been well understood 
to date [14]. It is necessary to clear SPS behavior in 
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order to prepare a fiber-reinforced iron-matrix 
composite by using SPS. 

In the present study, SPS behavior of iron powder 
was examined in detail. 

2. EXPERIMENTAL PROCEDURE 
High-purity carbonyl iron powder (Mitsuwa 

Chemical Co., Ltd., Fe; 99.80 mass%, C; 0.01 masso/o, 
N; < 0.01 masso/o, 0; 0.15 mass%) having a mean 
particle diameter of 3.3 11 m was used. Figure I 
shows a secondary electron (SE) image of as-received 
iron powder. The iron powder was a nearly spherical 
shape. The iron powders were packed into graphite 
mold (inner diameter: 30 mm), followed by SPS 
(Sumitomo Coal Mining Co., Ltd., PAS-Ill) in a vacuum 
(9.98Pa). 

Figure 2 shows a schematic diagram of SPS process. 
At first, compaction was conducted under a given 
pressure. Thereafter pulsating current was passed for 

Fig. 1 SE image of as-received iron powder. 
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Fig. 2 Schematic diagram of SPS process. 

60 s, followed by heating and holding with a pulse-less 
current. After holding for 720 s, the current was cut off 
and then the sintered compact was slowly cooled. SPS 
was conducted under various conditions of temperature 
(from 1123 to 1223 K) and compaction pressure (from 
35 to 70 MPa). In order to examine a sintering shrinkage, 
compact length change was continuously measured 
during SPS by dilatometry. 

We obtained a porosity of the sintered compact 
from the following equation: 

P = (1- VofV.) X 100 % (1) 

where P is the porosity, V0 is the theoretical volume (P = 
0 %) obtained by dividing the mass of the sintered 
compact by the density of iron, and v. is the measured 
volume of the sintered compact. 

In order to examine the effect of SPS on the iron 
oxide film formed on the surface of the iron powder, 
X-ray photoelectron spectroscopy (XPS) (Shimadzu Co. 
Ltd., ESCA-1000) analyses of as-received powder, the 
powder which was passed pulsating current for 60 s, and 
the sintered compact were carried out, respectively. 

Microstructure of the cross section of the sintered 
compact was examined using a scanning electron 
microscopy. Vickers hardness (Shimadzu Co. Ltd., 
HMV -112) of the cross section of the sintered compact 
was measured along radial and axial directions under a 
load of0.97 N. 

3. RESULTS AND DISCUSSION 
Figure 3 shows SE images of the center ofthe cross 

section in the sintered compact prepared by sintering at 
1173 K. A few pores (black part) appeared in the case of 
low compaction pressure (35 MPa). As compaction 
pressure was high (70 MPa), the pores decreased 
considerably as shown in Fig. 3(b ). 

Figure 4 shows the changes in Vickers hardness of 
the center of the cross section and porosity in the 
sintered compact with compaction pressure for SPS 
conducted at 1173 K. The porosity decreased abruptly 
with increasing compaction pressure. On the other hand, 
Vickers hardness showed inverse relation that it 
increased with increasing compaction pressure. 

Figure 5 shows the changes in Vickers hardness of 
the center of the cross section and porosity in the 
sintered compact with sintering temperature for SPS 

Fig. 3 SE images of the center of the cross section in 
the sintered compact prepared by sintering at 1173 K. 
(a) compaction pressure: 35 MPa, and (b) compaction 
pressure: 70 MPa 
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Fig. 4 Changes in Vickers hardness of the center of the 
cross section and porosity in the sintered compact with 
compaction pressure. 
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Fig. 5 Changes in Vickers hardness of the center of the 
cross section and porosity in the sintered compact with 
sintering temperature. 
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conducted under the compaction pressure of 70 MPa. 
The sintered compact having high Vickers hardness and 
low porosity was achieved in the temperature range 
higher than 1173 K. 

Figure 6 shows a relationship between Vickers 
hardness and porosity. Vickers hardness increased with 
decreasing porosity. 

Figure 7 shows Vickers hardness distribution along 
radial and axial directions of the cross section of the 
sintered compact. As shown in Fig. 7(a), Vickers 
hardness along radial direction was nearly constant from 
the surface to the center. On the other hand, Vickers 
hardness along axial direction (Fig. 7(b)) increased only 
slightly near the surface. Using SPS, it is possible to 
obtain a homogeneous compact in which Vickers 
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Fig. 6 Relationship between Vickers hardness and 
porosity. 
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Fig. 7 Vickers hardness distribution of the cross 
section of the sintered compact. (a) radial direction, and 
(b) axial direction. 

hardness and porosity are almost constant ftom the 
surface to the center. 

In solid state sintering, shrinkage during initial 
stage sintering is expressed as follows [15]: 

(A LILo) nl2 = Bt/2nd" (2) 

where the shrinkage A Ll L0 is the compact length 
change ( AL) divided by the initial length (Lo), t is the 
isothermal sintering time (holding time), d is the particle 
diameter of the powder, and n and m are the constants. 
The parameter B is exponentially dependent on 
temperature: 

B = B0 exp (- QlkT) (3) 

where B0 is material parameter regarding surface energy, 
atomic size, atomic vibration frequency, and system 
geometry, Q is activation energy, k is the Boltzmann 
constant, and T is sintering temperature. Talking the 
logarithm of the both sides of eq. (2) yields 

log ( AL/L0) = 2/n-log t+21n·log (B/2nd") (4) 

Equation (4) shows that a linear relationship exists 
between log ( AL/L0 ) and log t. In the SPS machine used 
in the present study, passing the current was allowed 
only after compaction pressure was applied. Under a 
compaction pressure of 70 MPa, the compact length 
decreased with increasing time until the temperature 
reachs to the given sintering temperature, but thereafter 
the compact length remained unchanged by holding time. 
Figure 8 shows a relationship between log (AL/L0 ) and 
log t under a compaction pressure of 35 MPa. A linear 
relationship held. We obtained n = 3.57 ftom a slop of 
the straight line in Fig. 8. Many experiments have been 
analyzed using n to identifY the sintering mechanism. 
The values of n are give as follows: viscous flow; 2, 
plastic flow; 2, evaporation-condensation; 3, volume 
diffusion; 5, grain boundary diffusion; 6, surface 
diffusion; 7 [15]. In SPS condition used in this study, 
evaporation-condensation mechanism may be 
impractical. The result of n = 3.57 imply that the 
sintering is controlled by both diffusion of iron atom at 
necking region and plastic flow of the iron powder. 

logt 

1.0 1.5 2.0 2.5 3.0 
-1.0 .----,..---......---,..---.., 

-1.2 

::f -1.4 
~ 
<3 -1.6 

~ 
- -1.8 

-2.0 

2/n=0.56 

-2.2 L------------....1 
Fig. 8 Relationship between log ( ALIL0 ) and log t 
under a compaction pressure of 3 5 MPa. 

861 



862 Spark Plasma Sintering of Iron Powder 

As compaction pressure is high, plastic flow of the 
iron powder becomes large. The result that the porosity 
in the sintered compact decreases abruptly with 
increasing compaction pressure, as shown in Fig. 4, is 
thought to be due to plastic flow of the iron powder. 

We can roughly estimate diffusion distance by the 
following equation [16]: 

(5) 

where x is diffusion distance and D is diffusivity. D is 
expressed as 

D = DoexP (- Qo!R1) (6) 

where D0 is the frequency factor, Qo is the activation 
energy for diffusion of iron, and R is the gas constant. 
Substituting D0=2.0 cm2/s and Qo= 240 kJ/mol for 
volume diffusion in a Fe, D0=0.49 cm2/s and Qo= 284 
kJ/mol for volume diffusion in 'Y Fe [17], and R = 8.31 
J/(mol·K) into eqs. (5) and (6), we obtained Fig. 9. It is 
found from Fig. 9 that diffusion distance in a Fe ( 1123 
K and 1173 K) is larger than that in 'Y Fe (1223 K). It is 
well known that the rate of grain boundary diffusion is 
larger than that of volume diffusion. Therefore, it is 
thought that each diffusion distance after 720 s is 
sufficient to achieve binding between iron powders. At a 
sintering temperature of 1223 K, a large plastic flow of 
the iron powder ( 'Y Fe) occurs because of degradation of 
strength of the iron powder. On the other hand, at a 
sintering temperature of 1123 K, the plastic flow 
becomes low because the strength of the iron powder 
(a Fe) is relatively high at this temperature. The plastic 
flow at a temperature of 1173 K is higher than that at 
1123 K. Thus, iron diffusion behavior at necking region 
and plastic flow of the iron powder influence the 
densification. The result (Fig. 5) that the porosity of the 
sintered compact was low and also was almost 
independent of the sintering temperature in the 
temperature range higher than I 173 K is cause by the 
behavior mentioned above. 

Figure 10 shows the XPS spectra of as-received iron 
powder. In Fe2p spectrum near the surface (8 nm from 
the surface), clear peaks of metallic iron (2p3!2: 706.75 
eV, 2pl/2: 719.95 eV) were not detected, while the 
peaks ofFe20 3 (2p3/2: 710.7 eV, 2p1/2: 724.3 eV) were 
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Fig. 9 Relationship between x and t. 

observed clearly. And also in 01 s spectra the peak of 
Fez03 (530 eV) was clearly detected. In the XPS spectra 
after etching, a well-defmed peaks of metallic iron 
appeared. Also, the intensities of the peaks of metallic 
iron increased with increasing depth from the surface. 
From Fig. 10, the thickness of iron oxide film seems to 
be several ten nm. 

Figure ll shows the XPS spectra of the iron powder 
after passing a pulsating current for 60 s. These spectra 
were similar to those shown in Fig. 10. This suggests 
that incomplete decomposition of iron oxide film was 
achieved by passing a pulsating current for 60 s. 

Figure 12 shows the XPS spectra of the center of the 
cross section in the sintered compact prepared by 
sintering at 1173 K under a compaction pressure of 70 
MPa. Although, the peak of iron oxide appeared slightly 
in Ol s spectra, the peak of iron oxide was not evidently 
as compared with the defined peak of metallic iron. This 
suggests that the decomposition of iron oxide film 
occured during passing not only pulsating current but 
also pulse-less current. This is because discharge of 
plasma and decomposition of iron oxide film occur 
with an enormous Joule heat generation at particle 
contact region at which a high current density is 
achieved. As mentioned above, it was possible to obtain 

S' 
cd 
~ 

-~ 
~ 
QJ 

s 

(a)Fe2p 
8nm 

24nm 

3Znm 

40nm 

48nm 

740 730 720 710 700 
Binding Enetgy, El eV 

(b)Ols 

8nm 
gr:~~......__.........,..,4 

cd ........ ,._......--.,..~ 
~ 

.~ 
5~~....._..-'L... 

s ......... ~~.,.... 

542 537 532 527 
Binding Enetgy,E/ eV 

522 

Fig. 10 XPS spectra of as-received iron powder. 
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Fig. 11 XPS spectra of the iron powder after passing a 
pulsating current for 60 s. 

a high densification compact by SPS at relatively low 
temperature (ll73 K). This is because decomposition of 
iron oxide film occurs during SPS, resulting in refining 
the surface of the iron powder. Thus, in LIPS it is 
unnecessary to perform the usual pre-treatment for 
reduction of oxide film of the iron powder. 

4. CONCLUSIONS 
From the results of SPS of pure iron powder, the 

following conclusions were obtained. 
(1)The sintering is controlled by both iron diffusion at 
necking region and plastic flow of the iron powder. 
(2)As compaction pressure is high. plastic flow of the 
iron powder becomes large, resulting in a decrease in 
porosity and an increase in Vickers hardness of the 
sintered compact. 
(3) High desification is obtained by SPS at the sintering 
temperature higher than 1173 K for 720 s under a 
compaction pressure of 70 MPa. This is because 
enhanced iron diffusion and large plastic flow are 
achieved under these SPS conditions. 
(4)Decomposition of iron oxide film formed on the 
surface of the iron powder occurs under SPS process, 
resulting in refining the surface of the iron powder. 
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Fig. 12 XPS spectra of the center of the cross section 
of the sintered compact. 

Thus, it is possible to obtain a high-densification 
compact by SPS at a relatively low temperature (1173 
K) for a short holding time (720 s) without the usual 
pre-treatment for reduction of oxide film. 
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