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In order to obtain fundamental knowledge for processing of a discontinuous fiber-reinforced iron-matrix
composite, spark plasma sintering of a mixture of discontinuous alumina fiber and pure iron powder was
conducted. Alumina fiber is unreactive chemically to iron powder during SPS at 1173 K for 720 s. As the
volume fraction of alumina fibers becomes large, the formation of micro-pore at alumina fiber/iron matrix
interfaces and the formation of large pore at the alumina fiber-aggregated region occur, resulting in the
increase in porosity. Therefore, the rate of hardening tends to decrease with increasing volume fraction of
alumina fibers. Thus, the hardness disobeys a rule of mixtures. For alumina fiber-uniformly dispersed
composite without fiber-aggregation, the critical volume fraction of alumina fibers exists, and it depends on
the ratio of the particle diameter of iron powder to the diameter of alumina fiber. Based on this relationship, it
is possible to obtain alumina fiber-uniformly dispersed composite.
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1. INTRODUCTION fiber-reinforced iron-matrix composite, discontinuous
When a fusion-solidification method is used as a alumina fiber/iron composite was prepared by using SPS,
production method of a fiber-reinforced iron-matrix the reaction between alumina fiber and iron powder, the
composite, mechanical properties of fiber deteriorate influence of alumina fiber on the densification,
because of overheating and reaction at fiber/liquid iron applicability of a rule of mixtures, and a controlling
interfaces. Powder metallurgy that the preparation factor in uniform dispersion of alumina fibers were
becomes feasible at low temperature compared with a examined in detail.
fusion-solidification method is suitable for the
preparation of fiber-reinforced iron-matrix composite. 2. EXPERIMENTAL PROCEDURE
We have examined the processing of continuous High-purity carbonyl iron powder (Mitsuwa
ceramic fiber/iron alloy composite by hot isostatic Chemical Co., Ltd.: Fe; 99.80 mass%, C; 0.01 mass%,
pressing and hot pressing, and have reported that the N; <0.01 mass%, O; 0.15 mass%) having a mean
preparation of continuous ceramic fiber/iron alloy particle diameter of 3.3 um was used [3]. The iron
composite with uniform dispersion of fiber becomes powder was a nearly spherical shape. As a discontinuous
fej«zS}ble by choosing an apprgpriate combination of ceramic fiber, o -alumina fiber (Denki Kagaku Kogyo
mixing method of fiber and iron alloy powder and Co., Ltd. : ALOs; 96.3 mass%, SiOy; 3. Smass%, Fe,0s;
sintering [1,2]. Also, we have examined spark plasma 0.2 mass%) having a density of 3.6 g/cm tensile

sintering (SPS) behavior of pure iron powder. The strength of 700 MPa, elastic modulus of 93 GPa and
results revealed that decomposition of iron oxide film Vickers hardness of H,800 was used. Figure 1 shows a
occurs during SPS, resulting in refining the su’rface of secondary electron (SE) image of alumina fibers. The
the iron powder [3]. Therefore, even SPS which was alimina fibers had  slightly different length, diameter
practiced at a relatively low temperature (1173 K) for a and aspect ratio. Average diameter of alumina fibers was
short holding time (720 s) enabled high densification [3]. 30 um

Regarding the application of SPS to iron alloys, the ’ A n;ixture of alumina fiber and iron powder was

results of high-Cr iron alloys [4-9], high-Cr cast iron < . . . 8
’ acked into a graphite mold (inner diameter: 30 mm),
[10-12], and Fe-0.8mass%C alloy [13] have been P : o ,
reported. However, there have been few reports of the gﬂ?gﬁ? il;y :lizciﬁ;mgn;g g;))al é\]dgl 3;2g2C§ﬁ;‘L“;d;
xﬁgcoastilt(;n /glfso Sﬁksleréo argbzr';e&l;fgeif 112?1212:%% schematic diagram of SPS process. At first, cc%fhnpacti{m
. L . : . ‘was conducted under a pressure of 70 MPa. Thereafter
If)‘%mts rgga:dlng S(I;S behavior of a mixture of ceramic pulsating current was passed for 60 s, followed by
1ber anc wron powder. heating up to 1173 K and then holding with a pulse-less

knof:;lggzepresf"z?t St;i}éelszig;der;? Oztamdgé:iﬁizfi current. After holding for 720 s, the current was cut off
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and then the sintered compact was slowly cooled. As
mentioned above, a high-densification iron compact
could be achieved under the same SPS condition [3].

We obtained a porosity of the alumina fiber/iron
composite from the following equation:

P=(1-¥J/V) X100 % (1)

where P is the porosity, V, is the theoretical volume
(P=0 %) obtained by dividing each mass of iron powder
and alumina fiber in a mixture of iron powder and
alumina fiber by each density of iron and alumina fiber,
and ¥ is the measured volume of the alumina fiber/iron
composite.

The reaction between alumina fiber and iron
powder was examined using an electron probe
micro-analyzer (EPMA). Microstructure of the cross
section of the alumina fiber/iron composite was
examined using a scanning electron microscopy, and
uniform dispersion of alumina fiber and the influence of
alumina fiber on the densification were estimated on the
basis of the results. In order to confirm applicability of a
rule of mixtures, Vickers hardness (Shimadzu Co. Ltd.,
HMV-1/2) of the cross section of the alumina fiber/iron
composite was measured under a load of 0.97 N.

3. RESULTS AND DISCUSSION

Figure 3 shows results of the EPMA analyses of
alumina in the alumina fiber/iron composite prepared by
SPS at 1173 K for 720 s. In SE image (Fig. 3(a)), gray
part is an iron matrix, and black part is an alumina fiber.

k Fig. 1 SE image of alumina fibers.
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Fig.2  Schematic diagram of SPS process.

No damage of alumina fiber was observed. According to
the result of qualitative analysis (the encircled area in
Fig. 3(a)), the peak of C is due to a carbon deposition cn
the surface of the specimen. The peaks of Al, Si and O
were confirmed in the alumina fiber as shown in Fig.
3(b). This result is similar to that of as-received alumina
fiber. These results suggest that alumina fiber is
unreactive chemically to iron powder during SPS.

Figure 4 shows SE images of the center of the
cross section in the alumina fiber/iron composites.
When the volume fraction of alumina fibers was 20 and
30 vol%, uniform dispersion of alimina fibers could be
achieved. Also no large-pore was observed in the
iron-matrix and at alumina fiber/iron matrix interfaces.
In the alumina fiber/iron composite in which the volume
fraction of alumina fibers was 40 vol%, not only a
fiber-aggregated region but also a fiber-free region
(white part) which was formed by falling off of alumina
fiber from a specimen during a polishing operation were
observed. When the volume fraction of alumina fibers
was 50 vol%, fiber-aggregated and fiber-free regions
increased. A large pore was also observed. These results
suggest that there is an optimum volume fraction of
alumina fibers for the preparation of the alumina
fiber-uniformly dispersed composite.

Figure 5 shows the changes in Vickers hardness
of the center of the cross section and porosity in the
alumina fiber/iron composite with the volume fraction
of alumina fibers. The porosity increased with
increasing volume fraction of alumina fibers. As
mentioned above, the iron compact having a
high-densification was obtained under the same SPS
conditions [3]. In addition, when the volume
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Fig. 3 EPMA analyses of alumina in the alumina
fiber/iron composite: (a) SE image, and (b) EDX
analysis. ’




Hidekazu Sueyoshi et al.  Transactions of the Materials Research Society of Japan 31[4] 853-857 (2006) 855

. fraction of alumina fibers was 20 and 30 vol%, no
(3)20 vo 1% large-pore was observed in the iron matrix and at
alumina fiber/iron matrix interfaces (Figs. 4(a) and 4(b)).
These results suggest that micro-pore was formed at
alumina fiber/iron-matrix interfaces in the composite
with small volume fraction of alumina fibers though it
was unclear in Fig. 4(a) and 4(b). However, the porosity
became large when the volume fraction of alumina
fibers was very large (Fig. 5). This is because a packing
of the iron powders was insufficient at the alumina
fiber-aggregated regions, resulting in not only the
formation of micro-pore but also the formation of
large pore.
A rule of mixtures is expressed as follows:

Hyc=Hyp Vet Hyu(1- V¥) @

(b)30 vol%

where Hyc is Vickers hardness of the alumina fiber/iron
composite, Hyr is Vickers hardness of alumina fiber, V%
is the volume fraction of alumina fibers, and Hyy is
Vickers hardness of the iron matrix. Substituting Hyp
=800 and Hy\=120 [3] into eq.(2), we obtained dashed
line in Fig. 5. The experimental results disobeyed a rule’
of mixtures (dashed line). The rate of hardening tended
to decrease with increasing volume fraction of alumina
fibers. This may be caused by both the formation of
micro-pore at alumina fiber/iron matrix interfaces and
the formation of large pore at the alumina
fiber-aggregated region as mentioned above. It is found
from Fig. 5 that the influence of large pore on Vickers
‘ hardness of alumina fiber/iron composite is considerably
(c)40 vol% v , large compared to that of micro-pore.

v As mentioned above, when the volume fraction of
alumina fibers was large, packing of the iron powders
was insufficient at the alumina fiber-aggregated regions,
resulting in the formation of large pore.

We examined a controlling factor in uniform
dispersion of alumina fiber. Figure 6 shows schematic
views of the closest packing. Based on the geometry, the
following equations hold:

(dretdr) sinn /n=dpe 3)

where dy, is the particle diameter of iron powder, dy; is
the diameter of alumina fiber, and » is the number of
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. . L Fig. 5 Changes in Vickers hardness of the center of the
Fig. 4 SE images of the center of the cross section in cross section and porosity in the alumina fiber/iron
the alumina fiber/iron composite composite with the volume fraction of alumina fibers.
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iron powders surrounding alumina fiber. Let R=dg./df;
where R is the ratio of the particle diameter of iron
powder to the diameter of alumina fiber. Substituting
this relation into eq. (3) yields

sinn/n= RI(R+1) 4)

Figure 7 shows the relationship between # and R.
It is found that # decreases abruptly with increasing R.
Substituting R=3.3/3.0=1.1 (in this study) into eq. (4),
we obtain #=6 (Fig. 6(c)). Thus, the number of iron
powders surrounding one alumina fiber depends on the
ratio of the particle diameter of iron powder to the
diameter of alumina fiber.

In sintering of a mixture of alumina fiber and iron
powder, a part of the volume of iron powder
surrounding alumina fiber is assigned to the nearest
other alumina fiber. From Fig. 6, the number of iron
powders, Ncs, which are substantially assigned to one
alumina fiber with regard to a cross sectional direction
of alumina fiber is given as follows:

Neg= n2-1 (5)

Substituting #=6 ito eq. (5), we obtain Neg=2. This
means that the volume of two iron powders surrounds
one alumina fiber with regard to a cross sectional
direction of alumina fiber.

The number of iron powders which are arranged to
one alumina fiber with regard to a longitudinal direction
of alumina fiber, Vg, is given by

Nig= Ly /dy. (6)

where Ly;is the length of alumina fiber. The volume of
one alumina fiber, Vy;, is given as

Vei=n (dgi 12) *Le: N

From egs. (5) and (6), the volume of iron matrix
surrounding one alumina fiber, Vg, is

Vee=4/3 7 (dre /2)° Nes Nus ity

As a result, critical volume fraction of alumina fibesr, at
which alumina fiber-uniformly dispersed composite
without fiber-aggregation is achieved, is expressed as

Ver = CVei/ (VpitVee) X 100
=CA1+23-Rn2-1)} X100 - vol%  (9)

where Vep is critical volume fraction of alumina fibers,
and C is the constant regarding dispersion morphology
of alumina fiber. The value of C is 1 for a unidirectional
arrangement, and that for a random arrangement is
smaller than 1. Figure 8 shows the relationships between
Verand R on the basis of eq. (9). It is found that Ve
decreases abruptly with increasing R. In Fig. 8, uniform
dispersion without fiber-aggregation can be achieved
below the curves. Experimental results were plotted in
Fig.8. The symbol O indicates uniform dispersion
without fiber-aggregation, while the symbol X
indicates nonuniform dispersion with fiber-aggregation.

(@n=3 (byn=4

Alumina fiber

Iron powder

(cyn=6

Fig. 6 Schematic views of the closest packing.
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Fig. 8 Relationship between Vep and R on the basis of
eq. (9).
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As shown in Fig. 8 experimantal results agreed well
with the curve of C=0.8. This is caused by a random
arrangement of fibers. The above mentioned results
suggest that eq. (9) holds. Based on eq. (9), it is
possible to obtain alumina fiber-uniformly dispersed
composite.eq. (9).

4. CONCLUSIONS

In order to obtain fundamental knowledge for
processing of a fiber-reinforced iron-matrix composite,
SPS of a mixture of discontinuous alumina fiber and
pure iron powder was conducted. From the results, the
following conclusions were obtained.
(1) Alumina fiber is unreactive chemically to iron
powder during SPS at 1173 K for 720 s.
(2)As the volume fraction of alumina fibers becomes
large, not only the formation of micro-pore at alumina
fiber/iron matrix interfaces but also the formation of
large pore at the alumina fiber-aggregated region occur,
resulting in the increase in porosity. Therefore, the rate
of hardening tends to decrease with increasing volume
fraction of alumina fibers. Thus the hardness disobeys
a rule of mixtures.
(3)For alumina fiber-uniformly dispersed composite
without fiber-aggregation, the critical volume fraction of
alumina fibers exists, and it depends on the ratio of the
particle diameter of iron powder to the diameter of
alumina fiber. Based on this relationship, it is possible to
obtain alumina fiber-uniformly dispersed composite.
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