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Abstract

A novel process to produce a transition metal alloy thin tube 

in a dissimilar metal body was examined by modifying the 

conventional sacrificial-core method. A compound 

containing titanium powder and a compound with aluminum 

powder were assembled and shaped into a tube-forming 

compound wire with concentric layers. An iron powder 

compact including the tube-forming compound wire was 

thermally dewaxed and sintered. As a result, a thin tube 

composed of Ti-Al alloy was directly produced in the iron 

body.
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1. Introduction 

From the late 90s, the development of microreactors has 

been actively investigated [1]. The microreactors often 

utilize microchannels as flow paths for reactive fluids and 

reaction space. The microchannel structure provides a vast 

specific surface area and a high heat transfer coefficient [2], 

and therefore allows fast and precise temperature control 

during reactions in open reactor systems. This indicates 

that the microreactors are very suitable for catalytic 

reactions. 

The metallic microreactors in particular have drawn 

attentions for high temperature catalytic reactions because 

they excel in heat conductivity, high-temperature strength, 

thermal shock resistance and formability. In fact, 

previously various kinds of metallic microreactors for 

catalytic reactions have been reported. For instance, 

Rebrov et al. [3] reported a stainless steel microreactor 

for the selective catalytic reduction of nitric oxide with 

ammonia catalyzed by a zeolite. Aartun et al. [4] described 

catalytic conversion of propane to hydrogen in Fe-Cr-Al 

alloy microreactors with Ni or Rh catalyst, where they 

utilized a porous alumina film on the alloy substrate 

produced by high temperature oxidation as the catalyst 

support. Pfeifer et al. [5-6] examined aluminum 

microreactors with PdZn or Cu catalysts for methanol 

steam reforming. Schimpf et al. [7] experimented with 

heterogeneously catalyzed gas phase hydrogenation of 

acrolein by Ru catalyst in carbon-coated microstructured 

reactors made of an Al-Mg alloy. The foregoing metallic 

microreactors were fabricated by means of precision 

mechanical machining, photoetching, micro-electro 

discharge machining, laser or electron beam machining 

and galvanization [8]. These surface fabrication techniques, 

however, need additional treatments such as soldering or 

bonding to join the grooved workpieces into the three- 

dimensional microchannels. Such processes will lead to 

extended processing time and more operating cost. The 

establishment of a novel microchannel-fabrication process 

is therefore of great importance to put the metallic 

microreactors into more practical application. 

We have recently investigated a powder metallurgical 

microchanneling process using a sacrificial-core method 

for producing the metallic microchannel devices [9-12]. In 

this process, two kinds of metals are used: a body metal 

and a sacrificial-core metal. The former has a higher 

melting point and is to compose the device body, and the 

latter is to flow out and give the shape of the microchannel. 

A body-metal compact containing a shaped sacrificial-core 

metal is sintered at temperatures between the melting 

points of these metals. The molten sacrificial-core metal 

migrates into the body metal powder region by infiltration 

or diffusion. Then these metals produce an alloy lining 

layer surrounding the cavity formed at the site initially 

occupied by the sacrificial core. Some of the lining layers 

fabricated by this method have been expected to produce 

catalysts or catalyst supports in the devices [13-16]. A 

notable feature of the process is that the body metal plays 

two roles at a time; one is a constitutional material of the 

device body, and the other is an element of the lining layer. 

This mechanism thus enables in-situ formation of a set of 

microchannel and its lining layer. However, it is 

Fig. 1 Constitution of the tube-forming compound wire 

(a) and schematic representation of the in-situ 

tube-forming process (b) 
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difficult to arbitrarily combine the constructional material 

of the device body and the lining layer composition, which 

determines the function of the inner wall of the 

microchannel. 

 In this study, we hence propose a novel method to 

produce a transition metal alloy thin tube in a dissimilar 

metal body. Figure 1 depicts the concept of the process. In 

this process, a tube-forming compound wire composed of a 

concentric layer of a tube-body compound and a 

sacrificial-core compound is used instead of the sacrificial-

core metal wire in the conventional sacrificial-core method. 

Each compound consists of mixture of a metal powder and 

an organic binder.  A powder compact of a dissimilar metal, 

here defined as a device body metal, containing the tube-

forming compound wire is dewaxed and then sintered at 

temperatures between the melting points of the tube-body 

metal and the sacrificial-core metal. As a result, a long thin 

cavity and an alloy lining layer surrounding it are directly 

produced in the dissimilar metal body. This process will 

offer greater flexibility in the device design. Moreover, the 

process will also contribute to saving materials as 

represented by rare metals such as nickel, which had been 

often used as the body metals in our previous studies.  

 As a first step of the study to develop our new process, 

we chose iron, titanium and aluminum as the device-body 

metal, the tube-forming metal and the sacrificial-core 

metal, respectively. At first we examined the feasibility of 

tube formation, and then observed the tube-formation 

behavior during heat treatment as well as investigated the 

effect of high-temperature holding on the composition 

change of the tube body.  

2. Experimental Procedure

2.1 Preparation of specimens 

Figure 2 shows schematics of the tube-forming compound 

wire and the powder compact. In the experiment, titanium 

powder and aluminum powder were used as the starting 

materials of the tube-body compound and the sacrificial-

core compound, respectively. Each metal powder was 

mixed with an organic binder in equal volume to obtain the 

corresponding compound. The organic binder was 

prepared from yellow wax and pine resin blended in a 

mass ratio of 1:1. These two compounds were assembled 

and shaped into a thin pencil-like-form (see Fig. 2 (a)). The 

tube-forming compound part was about 3 mm in outer 

diameter and 15 mm in length, and the Al sacrificial-core 

compound part was about 1 mm in diameter. Two tube-

forming compound wires were then included in an iron 

powder of 13 g and unidirectionally compressed under a 

given pressure of 624 MPa, thereby a cylindrical green 

compact of iron containing the Ti/Al tube-forming 

compound wires was produced as seen in Fig. 2 (b). 

2.2 Heat treatments

The compact specimens were heat-treated with several 

heating patterns illustrated in Fig. 3 under an argon 

atmosphere. The temperature holding time at 573 K for 3.6 

ks corresponds to the thermal dewaxing process to clear 

the organic binder from the tube-forming compound wires 

in the specimens. Patterns (1), (2) and (3) were used to 

examine the feasibility of tube formation and the effect of 

high-temperature holding at 1473 K on the composition 

change of the tube body. Patterns (A), (B) and (C), on the 

other hand, were employed to observe the tube formation 

behavior. In the latter three patterns, the specimens were 

quenched from each point during heat treatments: the end 

point of thermal dewaxing (A), 5 K above the melting 

point of Al (B) and just before high-temperature holding at 

1473 K (C). The quenching operations were carried out by 

dipping in a molten Wood’s metal. A green compact without 

heat treatment was also prepared to check the condition of 

the specimen before heat treatment. 

Fig. 3 Heating patterns Fig. 2 Schematic illustration of the tube-forming 

compound (a) and the green compact (b) 
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3. Results and Discussion

3.1 Cavity formation 

Figure 4 shows a cross-sectional structure of the thin tube 

in the specimen heat-treated with Pattern (1). The cross 

section of the tube was an elliptical shape due to 

unidirectional pressing during powder compaction. As seen 

in Fig. 4, a cavity was formed at the original Al sacrificial-

core part. The tube was composed of an outer porous 

sublayer and an inner solid sublayer. EPMA analysis 

revealed that the average composition of the inner solid 

sublayer was Al-44.8mol%Ti, which corresponds to TiAl 

intermetallic compound according to the Ti-Al binary alloy 

phase diagram [17]. The Al concentrations of the outer 

porous sublayer varied widely among the points; 

nevertheless, they were at most 15 mol%, which were in 

the range of Ti-Al solid solution (β-Ti) at 1473 K or in a 

coexistence region of Ti
3
Al and Ti-Al solid solution (α-Ti) 

at room temperature.  

Figure 5 presents a longitudinal section of the thin tube 

in the specimen heat-treated with Pattern (2). In this 

specimen, the cavity penetrated almost throughout the 

length of the original tube-forming compound wire. This 

result indicates that the long thin tubes whose bodies were 

composed of Ti-Al alloys were directly produced in the 

iron bodies. The surface structure of the inner wall of the 

cavity was porous as seen in Fig. 5 (b). The structure of the 

thin tube would change depending on the volume fraction 

of the metal powder in each compound and the mass ratio 

of the tube-body compound and the sacrificial-core 

compound.  

3.2 Sequence of cavity formation 

To clarify the cavity formation behavior, structures of the 

specimens heat-treated with Patterns (A), (B) and (C) were 

observed in addition to the specimen without heat 

treatment.  

Figure 6 shows a cross-sectional structure of the tube-

forming compound wire in the specimen before heat 

treatment. The concentric layer structure of the Ti tube-

body compound and the Al sacrificial-core compound had 

been conserved.

Figure 7 provides a structure of the specimen heat-

treated with Pattern (A): the specimen was quenched just 

after thermal dewaxing at 573 K for 3.6 ks. The structure 

of the dewaxed tube-forming compound was protected 

with resin. In this specimen, each metal powder formed 

partially sintered powder networks, in which the metal 

powder particles three-dimensionally connected each other 

in corresponding compound regions.  

Fig. 4 Back-scattered electron image of a cross-

sectional structure of the thin tube in the 

specimen heat-treated with Pattern (1) (a) 

and a magnified view of the tube body (b) 

Fig. 5 SEM image of the longitudinal section of the 

thin tube produced in the specimen heat-treated 

with Pattern (2) (a) and a magnified view of the 

inner-wall structure of the cavity (b) 
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Figure 8 depicts a cross-sectional structure of the specimen 

quenched at 938 K, 5 K above the melting point of Al 

(Pattern (B)). In this specimen, the Ti part contained 

almost no Al. Most of molten aluminum was thus inferred 

to remain in the sacrificial-core region. 

Figure 9 shows a structure of the specimen heat-treated 

with Pattern (C). The specimen was quenched at 1473 K. 

The cavity formation had nearly completed in this cross 

section, however, a partially closed cavity was also 

observed on another cut plane of the same specimen. This 

quenching point thus corresponds to the late stage of the 

cavity formation process. These results suggest that the 

cavity formation in our novel process was nearly 

completed at 1473 K and certain tube formation was 

ensured as seen in Fig. 5 when the specimen was held at 

1473 K for up to 1.8 ks.  

The time for cavity formation in this process was 

relatively shorter than that in our previous study on 

channel formation in an injection-molded tubular 

compound [18]. The compound specimen was composed 

of a body compound containing SUS304 stainless steel 

powder and a sacrificial-core compound with copper 

powder. In this previous case, we confirmed thin channel 

formation in the specimen held at 1473 K for 3.6 ks. When 

the holding time was less than 3.6 ks, on the other hand, 

the infiltration of Cu into the SUS304 powder region was 

not completed. We then discovered that decomposition 

products generated from the organic binder, mainly 

composed of C, were main obstacle to the infiltration of Cu, 

and long high-temperature holding was required to carry 

them away from the surface of the infiltration paths in the 

body metal region. Also in the present study, small amount 

of C was detected by EPMA in the dewaxed specimen 

since the same organic binder was employed. However, the 

cavity formation was completed sooner than the previous 

case. This is attributed to the fact that a certain amount of 

organic binder was squeezed out of the compound to the 

iron powder region during powder compaction, and the 

metal powders were hence more closely packed, increasing 

their volume fraction in the compound. Actually, image 

analysis revealed that the volume fraction of the metal 

powder in the compound wire shown in Fig. 6 was 63.7 %, 

which was larger than the initial volume fraction, 50 %. In 

order to examine the adequacy of this factor, we applied 

the novel in-situ tube formation process to the 

Fe/SUS304/Cu system. In other words, we prepared an 

Fig. 6 Optical micrograph of a cross section of the 

tube-forming compound wire in the 

specimen before heat treatment 

Fig. 7 Back-scattered electron image of a cross-

sectional structure of the tube-forming 

compound wire in the specimen heat-treated 

with Pattern (A) 

Fig. 8 Back-scattered electron image of a cross-

sectional structure of the tube-forming 

compound wire in the specimen heat-treated 

with Pattern (B) 

Fig. 9 Back-scattered electron image of a cross-

sectional structure of the thin tube in the 

specimen heat-treated with Pattern (C)  
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iron powder compact including a tube forming compound 
wire whose tube body part and sacrificial-core part contain 
SUS304 and Cu powder, respectively, and tried to form a 
thin tube in the iron sinter. The mass ratio of the metal 
powders and the organic binder and the dimensions of the 
tube-forming compound part were the same as those 
described in 2.1. The specimen was heat-treated with 
Pattern (1) in Fig. 3.

Figure 10 shows a cross sectional structure of the 
SUS304-Cu thin tube produced in the iron sinter. As seen 
in Fig. 10 (a), a smooth circular cavity was formed at the 
original Cu sacrificial-core part, and penetration of the 
cavity was confirmed in this specimen. In Fig. 10 (b), Cu 
is infiltrated and dispersed in the SUS304 tube body. This 
indicates that liquid Cu immediately infiltrated into the 
powder SUS304 region, and the effect of the 
decomposition products from the organic binder seemed to 
be reduced due to squeezing of the organic binder during 
powder compaction. Furthermore, this result suggests that 
the present process would be able to be applied even to 
other metal combinations.  

3.3 Effects of high-temperature holding on the 
composition of the tube body 

Figures 11 and 12 depict cross-sectional structures of the 
Ti-Al thin tubes in the specimens treated with Patterns (2) 
and (3): different holding times of 1.8 ks and 3.6 ks, 
respectively. Compared to the cross-sectional structure 
shown in Fig. 4, the inner solid sublayer consisting of Ti-
Al intermetallic compound tended to disappear as the high-
temperature holding time became longer. This suggests 
that Al in the inner sublayer diffused outwardly during 
high-temperature holding. We thus focused on the average-
concentration changes of Ti and Al near the inner wall of 
the tube; we defined the regions within about 50 m
outward from the edges of the cavity as the measurement 
points in each specimen. Figure 13 illustrates the 

relationship between the high-temperature holding time 
and the molar ratio of Ti and Al, expressed as CAl/CTi, near 
the inner walls of the thin tube (the result of Pattern (C) is 
also shown for comparison). As seen in this figure, CAl/CTi

Fig. 12 Back-scattered electron image of a cross-
sectional structure of the thin tube in the 
specimen heat-treated with Pattern (3)  

Fig. 11 Back-scattered electron image of a cross-
sectional structure of the thin tube in the 
specimen heat-treated with Pattern (2)

Fig. 13 Relationship between the high-temperature 
holding time, and the molar ratio of Ti 
and Al, CAl/CTi near the inner walls of the 
thin tube 

Fig. 10 Back-scattered electron image of a cross 
section of the Fe/SUS304/Cu specimen (a) 
and a magnified view of the SUS304-Cu 
tube body (b) 
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was at peak in the specimen quenched at 1473 K (Pattern 
(C)), and a similar ratio was detected in the case of Pattern 
(1). These molar proportions correspond to TiAl 
intermetallic compound. The Al molar fraction then 
decreased along with high-temperature holding time as 
seen in the cases of Patterns (2) and (3). In the specimen 
treated with Pattern (3), CAl/CTi was 0.085, which 
approximately corresponded to that in the original tube-
forming compound. 

Meanwhile growth of a thick film circumscribing the 
tube body was observed in the cases of relatively long 
holding times such as Patterns (2) and (3). By EPMA 
analysis, the thick film was revealed to be titania (TiO2).
The titania film was probably formed since the outer part 
of the titanium tube body preferentially reacted with 
oxygen initially contained in the organic binder. 
Development of a method to avoid the formation of this 
oxidation layer is our future issue. Seen from another point 
of view, however, the titania thick film has a potential to 
act as a useful barrier between the iron device body and the 
Ti-Al alloy tube. In other words, it would separate the 
alloy tube and the dissimilar metal body to prevent 
interdiffusions among the phases, allowing more strict 
composition control of the tube body. 

4. Conclusions
We have examined the feasibility of a novel process to 
produce a metal alloy thin tube in a dissimilar metal body 
by modifying the conventional sacrificial-core method. We 
used titanium, aluminum and iron for the tube-body 
compound, the sacrificial-core compound and the device 
body, respectively. Major findings obtained are 
summarized as follows: 

(1) A Ti-Al alloy thin tube was directly formed in the iron 
body when the iron powder compact with tube-
forming compound wire was heated and held at 1473 
K for more than 1.8 ks. 

(2) The tube body was initially composed of the inner 
solid sublayer of Ti-Al intermetallic compound and the 
outer porous sublayer. The composition of the tube 
body was homogenized by high-temperature holding. 

(3) Growth of the titania film was observed on the 
circumference of the tube bodies in the specimens held 
at 1473 K for 1.8 ks and 3.6 ks. 
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