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Abstract

Microstructures and fracture toughness of arc-melted and directionally solidified Mo—ZrC eutectic composites were investigated in this
study. Two kinds of directionally solidified composites were prepared by spot-melting and floating zone-melting. Microstructure of the arc-
melted composite (AMC) consists of equiaxed eutectic colonies, in which ZrC particles are dispersed. The spot-melted composite (SMC)
exhibits spheroidal colony structure, which is rather inhomogeneous in size and morphology. ZrC fibers in the eutectic colonies are aligned
almost parallel to the growth direction. Well aligned, homogeneous columnar structure with thin ZrC fibers evolves in the floating zone-
melted composite (FZC). Texture measurement by X-ray diffractometry revealed that the growth direction of Mo solid solution (Moss) in
FZC is preferentially (100), while that of SMC is scattered. Fracture toughness Kq evaluated by three point bending test using the single edge
notched beam method is >13 MPam'? for AMC, 20 MPa m"* for SMC and 9 MPa m"” for FZC. Intergranular fracture along colony
boundaries is often observed in AMC. In contrast, transgranular fracture is dominant in SMC and FZC, although significant gaps caused by
intergranular fracture are occasionally observed in SEM micrographs of SMC. Fracture surface in FZC is wholly flat. Pull-out of ZrC occurs
owing to Mo/ZrC interfacial debonding in intergranularly fractured regions of AMC and SMC.

Coarse elongated colonies in SMC and FZC induce transgranular fracture instead of intergranular fracture. Intergranular fracture and
interfacial debonding in AMC and SMC causes frequent crack deflection accompanied by ligament formation and crack branching, which is
responsible for the high fracture toughness of the composites. Preferred (100) growth of Mogs phase in FZC leads to brittle {100} cleavage

fracture associated with low fracture toughness. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is generally recognized in most structural materials that
ductility and fracture toughness at ambient temperature are
in conflict with strength at elevated temperature. Therefore,
there have been many efforts to improve ductility and tough-
ness of advanced intermetallics and refractory ceramics
with high strength at elevated temperatures, which are
candidates available for high temperature structural applica-
tions. Incorporating a second phase is one of the most
effective techniques to improve the toughness without
degradation of high temperature strength [1-3].

Recently, Mo-TiC, Mo-ZrC in-situ composites were
investigated in light of harmonic materials design for high
temperature structural materials [4—10], where Mo/TiC and

* Corresponding author. Tel.: +81-22-215-2117; fax: +81-22-215-2116.
E-mail address: tsuzuki @imr.tohoku.ac.jp (T. Suzuki).
' Present address: Mitsui Mining and Smelting Corporation, 1333-2,
Haraichi, Ageo, Saitama 362-0021, Japan.

Mo/ZrC systems have a eutectic reaction, thereby generat-
ing unique eutectic microstructure [4,7,11]. Kurishita et al.
reported that strength of TiC could be enhanced by alloying
with Mo [12]. As a result, these composites possess high
strength at elevated temperature, which is comparable to
that of the monolithic carbides [4,8]. In addition, since solu-
bility of Ti, Zr and C is limited in Mo, ductility of Mo can be
retained even in Mo solid solution (Mogg) of these in-situ
composites [7,8]. According to Suzuki et al., owing to the
contribution of Mogg as a ductile phase, hyper-eutectic
composites exhibit fracture toughness K, of as high as
14—15 MPam', even though they contain 44—52 vol%
ZrC [8]. Eutectic composites are expected to show higher
fracture toughness because of lower ZrC content. Addition-
ally, microstructural control by directional solidification is
available to improve the high temperature strength in the
eutectic composite.

The present authors have previously applied directional
solidification to Mo—16 mol%ZrC eutectic composite and
obtained 10 mm long rods in the spot-melting method

1468-6996/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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[9,10]. Compressive yield stress of the spot-melted compo-
site (SMC) was found to be higher than that of the arc-
melted composite (AMC) in the temperature range between
293 and 1773 K [10]. Yield strength of the SMC at 1773 K
is as high as 418 MPa, which is higher than that of arc-
melted Mo—30 mol%ZrC hyper-eutectic composite [8,10].
The floating zone (FZ) melting method is considered to be
desirable to obtain much longer composite rods with homo-
geneous microstructure. However, we have never succeeded
in growing Mo—16 mol%ZrC composite by FZ melting,
because solid/liquid interface was so unstable in the process.

It is known that a slight deviation in composition from the
eutectic point changes the phase stability in the ternary
eutectic system [13]. For example, the slight deviation
extends three-phase region of liquidus + Mo + ZrC,
which causes unstable solid/liquid interface during the FZ-
melting process [13]. The eutectic composition reported
previously, Mo—16 mol%ZrC, was obtained from a study
in the Mo/ZrC pseudo binary system [7]. More accurate
analysis of the ternary eutectic composition would be
required for microstructure control by FZ-melting. We
have conducted the compositional analysis using an electron
probe micro analyzer equipped with an image analyzer. The
analysis indicated that the ternary eutectic composition is
Mo—-14.0 mol%Zr—11.7 mol%C.

We have developed multi-functional composites from the
viewpoint of harmonic materials design for high tempera-
ture structural materials, where composites with multi-
functions are designed without sacrificing the functional
properties of components. In the present study microstruc-
tures and fracture toughness of Mo—ZrC eutectic compo-
sites are examined to obtain fundamental information for
the toughness improvement. Two kinds of directionally
solidified composites were prepared; one is spot-melted
Mo-16 mol%ZrC and the other is FZ-melted
Mo-14.0 mol%Zr—11.7 mol%C. Fracture toughness of the
eutectic composites is discussed in relation to microstruc-
tural features.

2. Experimental procedure
2.1. Sample preparation

Nominal compositions of samples used in this study are
Mo—-16 mol%ZrCg g, (M0—13.9 mol%Zr—13.2 mol%C) and
Mo-14.0 mol%Zr—11.7 mol%C (compositions are given in
mol% in this paper unless otherwise stated and abbreviated
as Mo-16 ZrC and Mo-14.0Zr-11.7C, respectively). The
raw material powders of molybdenum (99.98 mass% Mo)
and zirconium carbide (99.4 mass% ZrCq4) were weighed
at Mo—16ZrC and mixed in a cross-rotary blending machine
for 18 ks. Then, the mixed powder was cold-pressed at room
temperature. Commercial bulk materials of molybdenum
(99.9 mass% Mo), zirconium (99.8 mass% Zr) and carbon
(99.9 mass% C) were weighed at Mo—14.0Zr-11.7C. From

each of raw materials, ingot bars of 100 mm long were
obtained by arc-melting in an Ar gas atmosphere. The
bars were roughly machined into 8 mm in diameter using
an electro-discharge machine (EDM). Two kinds of direc-
tionally solidified composites were prepared by different
processes as described later. One is by spot-melting method;
the bar of Mo—16ZrC was melted by high frequency induc-
tive heating in an Ar gas atmosphere and was not traveled
but fixed on the same position. After stabilizing the melting
zone, heating power was rapidly shut off. Then the solid/
liquid interface moved up and down from the edge of the
melting zone along the longitudinal direction of the bar.
Thickness of melted zone was limited about 10 mm,
which corresponds to directionally solidified zone in this
process. The other directionally solidified composite of
Mo-14.0Zr-11.7C was prepared by the conventional FZ-
melting method; the bar was melted by inductive heating
and traveled at 90 mm/min in an Ar gas atmosphere. Melt-
ing temperature of the composites prepared by the above
processes was measured to be approximately 2800 K by an
infrared radiation thermometer.

Samples were annealed at 1873 K for 252 ks in a vacuum
of better than 3.0 X 10~ Pa. Microstructure was examined
by optical microscopy (OM) and scanning electron micro-
scopy (SEM). Phase identification was performed by X-ray
diffractometry (XRD) in conventional theta—2theta
scanning. Texture measurement was carried out using
XRD to investigate preferred growth direction of compo-
nent phases in a directionally solidified composite.

2.2. Fracture toughness measurements

In order to evaluate fracture toughness, three point bend-
ing test using the single edge notched beam (SENB) method
was conducted with reference to ASTM E399-90 and some
reports [14—16]. A rectangular specimen was prepared by
EDM in the dimension of 3 X 6 X 30 mm". For SMC, melted
part was put in the center of specimen. Surface of a speci-
men was polished by SiC paper. A blunt notch was intro-
duced in the center of specimen to 3.0 mm in depth by
EDM with a 0.10 mm diameter wire. The notch was intro-
duced perpendicular to the growth direction in directionally
solidified composites. The specimen was loaded at a cross-
head speed of 0.5 mm/h on a 24 mm span in air at room
temperature. From three point bending test using the SENB
method, fracture toughness K, was estimated by the follow-
ing equation [14,15]

Ko = (PoSIBW){

_3(@W)'*11.99 — (@W)(1 — alW)(2.15 — 3.93a/W + 2.7a*/W?)]
B 2(1 + 2aIW)(1 — alW)"?

¢

where Pg is critical load, a is notch length, S is loading
span and B and W are thickness and width of specimen,
respectively.
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Fig. 1. SEM micrograph of arc melted Mo-14.0Zr-11.7C composite
(AMCO), (a) low magnification and (b) high magnification.

After bending test, fracture surface of each sample was
observed by SEM.

3. Results
3.1. Microstructures

Microstructure of arc-melted Mo-14.0Zr-11.7C (AMC)
after annealing at 1873 K for 252 ks is presented in Fig. 1.
AMC exhibits typical eutectic microstructure containing
equiaxed eutectic colonies with mean diameter of about
24 pwm, as shown in Fig. 1(a). XRD analysis revealed that
the composite consists of Mogs phase with A2 structure and
ZrC phase with B1 structure. As seen in Fig. 1(a) and (b),
fine ZrC particles are dispersed in Mogg and coarsened and/
or fibrous ZrC particles are observed near colony bound-
aries. SEM observation shows that mean diameter of ZrC
particles is about 400 nm and the volume fraction of ZrC
phase is approximately 0.26. Microstructure of AMC is
almost the same as that of arc-melted Mo—-16ZrC [7].

Directionally solidified bar of about 10 mm long was
obtained by spot-melting. Fig. 2(a) shows OM micrograph
of SMC in the section parallel to the growth direction (long-
itudinal section). SMC consists of eutectic colonies
elongated along the growth direction, and colony size and
morphology is somewhat inhomogeneous. Fig. 2(b) is SEM
micrograph of SMC in the longitudinal section, where ZrC
fibers are aligned almost parallel to the growth direction.
ZrC fibers are discontinuous and coarsened at colony

-
il
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Fig. 2. Microstructure of spot-melted Mo—16ZrC composite (SMC) after
annealing, (a) OM micrograph of a longitudinal section, (b) SEM micro-
graph of a longitudinal section and (c) SEM micrograph of a transverse
section. The growth direction in (a) and (b) is horizontal.

boundaries, which is analogous to those in AMC. Fig. 2(c)
shows microstructure of SMC in the section normal to the
growth direction (transverse section). Equiaxed eutectic
colonies are observed in this figure. This microstructure is
quite similar to that of AMC. The observation in the two
sections indicates that eutectic colonies of SMC have spher-
oidal shapes, which are elongated along the growth direc-
tion and somewhat inhomogeneous. Mean size of the
colonies is about 430 wm in major axis and 140 pm in
minor axis.

Fine Mo-14.0Zr-11.7C composite bar with length
greater than 60 mm was successfully fabricated by FZ-melt-
ing at a growth rate of 90 mm/h. Fig. 3(a) and (b) are micro-
graphs of a longitudinal section in FZ-melted composite
(FZC) after annealing. As is seen in Fig. 3(a), FZC consists
of long, homogeneously elongated colonies, as compared
with those of SMC. ZrC fibers aligned almost parallel to
the growth direction are observed in Fig. 3(b). ZrC fibers
in FZC appear to be thinner than those in SMC. The
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Fig. 3. Microstructure of FZ-melted Mo—14.0Zr-11.7C composite (FZC)
after annealing, (a) OM micrograph of a longitudinal section, (b) SEM
micrograph of a longitudinal section and (c) SEM micrograph of a trans-
verse section. The growth direction in (a) and (b) is horizontal.

microstructure observed in a transverse section of FZC is
presented in Fig. 3(c). This figure shows equiaxed colonies,
which are similar to those of AMC and SMC. Consequently,
FZC has columnar colony structure elongated along the
growth direction. Most of the colonies in FZC are over
1000 pm long and mean length of minor axis is about
130 pm.

Texture measurement by XRD was conducted on SMC
and FZC to identify the preferred orientation distribution of
directionally solidified composites. Fig. 4 shows pole
figures obtained from Mogs phase. No result of ZrC is
presented here because of insufficient intensity ratio. Since
the measurements were carried out on the transverse section
of directionally solidified samples, normal direction (ND) in
this figure corresponds to the growth direction. In FZC,
significant accumulation at ND is found in (200) of Mosgs,
indicating that the preferred growth direction of Mogg in
FZC is (100). On the other hand, although a tendency
similar to FZC is seen in SMC, the orientation distribution
is considerably scattered.

0

0 44479counts
L Tee—

Fig. 4. Pole figures obtained by XRD texture measurement on the transverse
section of (a) SMC and (b) FZC.

3.2. Fracture toughness

In order to evaluate fracture toughness of each composite,
three point bending test in the SENB method was carried out
at room temperature. Obtained load—displacement curves
are presented in Fig. 5. AMC and SMC display non-linear
behavior around a maximum load, indicating stable crack
growth at an early stage of fracture. In contrast, FZC shows
only linear behavior, which is probably due to absence of
stable crack growth, i.e. catastrophic fracture.

Fracture toughness K of each composite evaluated from
the bending test is summarized in Table 1. Fracture tough-
ness of arc-melted Mo—16ZrC is also included for compar-
ison [9]. Evaluated fracture toughness value of AMC is
almost the same as that of arc-melted Mo—16ZrC [9]. It
should be noted that fracture toughness of FZC was as
low as 9 MPa mm, although that of SMC was over
20 MPam'”.

3.3. Fracture surface

Fig. 6 shows SEM micrographs of fracture surface in
AMC after bending test. From Fig. 6(a), it is found that

40 AMC SMC
30k FZC }
o
X
~N
> 20F 1
©
o
—~
10F v
0.5mm
0

Displacement

Fig. 5. Load—displacement curves of Mo-ZrC eutectic composites
obtained by three point bending test at room temperature.
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Table 1

Fracture toughness of Mo—ZrC eutectic composites obtained by three point bending test

Sample Nominal composition

Fracture toughness,

Area percentage of Size of eutectic colony,

(mol%) Ko (MPa m'?) transgranular major axis, dp,j, and
fracture, At minor axis, dpyi, (Lm)
Arc-melted Mo—-16ZrC [9] Mo-13.9Zr-13.2C 12.8 - -
AMC Mo-14.0Zr-11.7C 13.1 0.35 gy ~ diyin =23
SMC Mo-13.9Zr-13.2C 20.4 0.82 o = 480, dyyyp, = 140
FzC Mo-14.0Zr-11.7C 9.4 ~1 digj = 2600, dyyi, = 120

fracture surface of AMC is rough and complicated, suggest-
ing that crack deflection occurs frequently. At a high magni-
fication, intergranular fracture along eutectic colony
boundaries is often observed in AMC, as shown in
Fig. 6(b). Fig. 6(b) also exhibits pull-out of ZrC particle
due to Mo/ZrC interfacial debonding. These two inter-
facial fractures in AMC result in complicated fracture
surface.

Fig. 7 shows SEM micrographs of fracture surface in
SMC. The fracture surface of Fig. 7(a) predominantly
consists of relatively flat surface, as compared to that of
AMC in Fig. 6(a). The surface involves river pattern, imply-
ing that transgranular cleavage fracture takes place. Using
SEM image analyzer, the area percentage of transgranular
fracture in fracture surface of SMC was measured as high as
82%, while that in AMC is 35%. Correspondingly, signifi-
cant gaps due to intergranular fracture at colony boundaries
were occasionally observed in SMC, as shown in Fig. 7(b).
Pull-out of ZrC owing to Mo/ZrC interfacial debonding was

also observed in the intergranular fracture region in a similar
way to AMC.

Fracture surface of FZC after bending test is presented in
Fig. 8. FZC exhibits wholly flat surface with river patterns.
It is evident from Fig. 8(a) that the predominant fracture
mode of FZC is transgranular cleavage. Fig. 8(b) is a high
magnification micrograph of the fracture surface. This
figure suggests that ZrC fibers are not resistant to the
transgranular crack propagation.

4. Discussion
4.1. Fracture mode

Predominant fracture mode of Mo at room temperature is
intergranular because of its intrinsic weakness of grain
boundary [17,18]. In this case, a crack extends along weak
grain boundaries almost parallel to a main crack plane.

Fig. 6. Fracture surface of AMC composite after bending test, (a) low
magnification and (b) high magnification in an intergranularly fractured
region.

Fig. 7. Fracture surface of SMC composite after bending test, (a) low
magnification and (b) a sharp gap caused by intergranular fracture.
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Fig. 8. Fracture surface of FZC composite after bending test, (a) low magni-
fication and (b) high magnification.

Intergranular fracture along eutectic colonies was observed
dominantly in AMC and occasionally in SMC. This inter-
granular fracture would attribute to the intrinsic weakness of
grain boundary in Mo.

SMC and FZC exhibited transgranular fracture
extensively. Both of the directionally solidified composites
consist of coarse elongated eutectic colonies. Hiraoka and
Hoshika [19] demonstrated that fracture mode of Mo alloy
can be changed from intergranular to transgranular by
evolving coarse elongated grain structure. It is suggested
that such an inisotropic structure requires extremely high
energy for intergranular fracture, since much larger surface
area is necessarily generated. Thus, transgranular fracture is
substituted for intergranular fracture when the aspect ratio
and size of colony are increased in Mo alloy. Accordingly,
intergranular fracture at colony boundaries is suppressed in
the elongated colony structures like SMC and FZC.

In many alloys exhibiting grain boundary brittleness, e.g.
Mo alloy, W alloy or some intermetallics, fracture tough-
ness and deformability can be improved by suppressing
intergranular fracture. Hiraoka and Hoshika succeeded in
depressing ductile—brittle transition temperature of Mo
alloy by developing coarse columnar microstructure [19].
According to their report, dominant fracture mode of Mo
alloy with coarse columnar structure is transgranular [19].
Aoki et al. revealed that a small amount of B addition to
Ni;Al yields drastic change in the elongation by suppressing
intergranular fracture [20].

In this study, AMC and SMC exhibit relatively high
fracture toughness. Although the predominant fracture
mode is changed from intergranular to transgranular by

the formation of aligned colony structure, fracture tough-
ness of FZC with the well-aligned microstructure is lower
than that of AMC with the equiaxed colony structure. Corre-
lation between fracture toughness and fracture mode of
Mo-ZrC eutectic composite will be discussed in Section
4.2 and 4.3.

4.2. Intergranular fracture

Non-linear load—displacement behavior corresponding to
stable crack growth is observed at an early stage of fracture
in AMC and SMC. This behavior strongly suggests that
some mechanisms such as crack bridging, crack branching,
crack blunting with plastic deformation or shear ligament
toughening are working for crack growth resistance.
Fracture surfaces of AMC and SMC indicate crack deflec-
tion along colony boundaries. Particularly in SMC, signifi-
cant gaps arising from intergranular fracture are
occasionally observed. These gaps will be an indication of
crack deflection in a large scale. It is most likely that the
coarse colony size and spheroidal morphology is attributed
to such crack deflection.

In addition, Mo/ZrC interfacial debonding is seen in the
intergranularly fractured regions of AMC and SMC. The
interfacial debonding also provides frequent crack
deflection. It has been reported that frequent crack deflec-
tion, i.e. tilting and twisting, tends to generate unconnected
crack path, which results in shear ligament toughening and/
or crack branching [21]. Consequently, the crack deflection
due to two kinds of interfacial fracture followed by ligament
formation and/or crack branching would contribute to
fracture toughness in AMC and SMC.

4.3. Transgranular fracture

Texture measurement of the growth direction in FZC
revealed strongly preferred (100) orientation distribution
of Mogg as shown in Fig. 4. In this study, a notch was
introduced normal to the growth direction. Thus, the notch
plane is parallel to {100} in FZC. In Mo single crystal {100}
and {112} are known to be major cleavage planes, while
{110} is to exhibit high fracture resistance [22]. Accord-
ingly, brittle cleavage fracture and low fracture toughness in
FZC would result from intrinsic brittleness along {100} of
Mogs. On the other hand, orientation distributions of SMC is
relatively scattered compared to FZC, as shown in Fig. 4.
Such weak texture will suppress dominant {100} cleavage,
thereby leading to partial intergranular fracture.

Consequently, the coarse columnar structure and
preferred growth direction of (100)y, in FZC attribute to
transgranular cleavage fracture and low fracture toughness.
Crack deflection in a large scale due to local intergranular
fracture would enhance the fracture toughness of SMC. The
local intergranular fracture in SMC is concerned with its
spheroidal colony morphology and weak texture along the
growth direction of Moss.
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5. Summary

Microstructures and fracture toughness of arc-melted and
directionally solidified Mo—ZrC eutectic composites were
investigated in this study. Microstructure of AMC consists
of equiaxed eutectic colonies, in which ZrC particles are
dispersed. SMC exhibits rather inhomogeneous spheroidal
colony structure. In colonies of the SMC, ZrC fibers are
aligned almost parallel to the growth direction. Homo-
geneous columnar colony structure is observed in floating
zone-melted composite (FZC). ZrC fibers in colonies are
also aligned to the growth direction, and their thickness is
smaller than that in the SMC. From XRD texture measure-
ment, preferred growth direction of Mogg in the FZC is
determined to be (100), while that of the SMC is not clearly
identified because of considerable scattering of orientation.

Fracture toughness evaluated by three point bending test
using the SENB method is 13 MPam'? for the AMC,
20 MPam'” for the SMC and 9 MPam"” for the FZC.
Intergranular fracture along colony boundaries is predomi-
nantly observed in the AMC. On the contrary, the SMC
exhibits dominant transgranular fracture. Significant gaps
due to intergranular fracture are occasionally observed in
the fracture surface of SMC. Pull-out of ZrC with Mo/ZrC
interfacial debonding is seen on intergranular fracture
surface of the two composites. Predominant transgranular
fracture is observed in the FZC. Coarse elongated colony
structure in the directionally solidified composites facili-
tates transgranular fracture instead of intergranular fracture.

It is concluded that crack deflection owing to intergranu-
lar fracture and Mo/ZrC interfacial debonding is responsible
for the improved fracture toughness in AMC and SMC.
Preferred growth direction of Mogg phase in the FZC
induces {100} brittle cleavage fracture and results in low
fracture toughness.
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