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Abstract: This paper reports a study of off-axis tensile properties of  / -Mo DS eutectic and
the dynamic fracture process directly observed with a scanning electron microscope. If
the loading direction deviates from the Mo fiber growth direction, the tensile strength
and ductility decrease gradually. During the loading process, two types of cracking are
observed: one is cracking of the fiber, and the other is delamination along the
fiber-matrix interface. In plastic deformation, slip can pass through both the matrix
and the fiber. As a rule, the thicker fibers are cracked earlier than the thinner ones,
because they have less defects and better ductility. Delamination is the main source of
final fracture.

1 Introduction

After more than two decades of studying directionally solidified eutectics, it is well
established that these materials can have excellent high temperature strengths. Many DS
eutectics, like the well known / - and / -MC, are composed of a ductile matrix with  
precipitates and aligned brittle strengthening phases. They possess very high tensile and
stress-rupture strengths, but their ductilities are low due to the brittle components. When it is
replaced by a ductile one, as in /  -Mo DS eutectic, its ductility is greatly improved. Such
materials are sometimes called second generation high temperature DS eutectics.

Several years ago, Lemkey[l], Henry, Jackson, Walter and Gigliotti[2,3], Sprenger et al.[4]

carried out extensive studies on /  - Mo DS eutectic, including selection of composition,
phase identification, structure, properties, etc. Later, Nakagawa[5] produced DS eutectic by
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cooling in a fluidized bed. This paper is mainly concerned with the influence of loading
direction on the tensile properties of / - Mo DS eutectic, and also the fracture mode.

2 Procedure

Alloy of the desired composition Ni-32.26Mo-6.08Al-1.43V (wt%) was melted in a
vacuum induction furnace, cast into rods, surface cleaned and directionally solidified. The
temperature gradient was about 100 ℃ /cm. The final sample was 80mm long and 26mm in

diameter. Growth rates could be varied between 0.5cm/h and 2cm/h, but all the test specimens
were all grown with a velocity of 1.5cm/h. The phases and their preferred crystallographic
orientation relation-ship were identified by the transmission electron microscope. Dynamic
tensile processes were directly observed in a scanning electron microscope.

3 Results and Discussion

3.1 Microstructure

In /  - Mo DS eutectic, Mo fibres are square or rectangular in cross section, align
themselves parallel to the direction of heat flow, and are enveloped by   phase, shown in Fig. 1.
There is a strict crystallographic relationship between the orientations of the Mo and  
phases, viz.

growth direction || [00l] || [001]

interface (100) || (110) 

This result is the same as those reported before by Lemkey, Henry et al. Mo fibers become
thinner as the growth velocity (R) increases from 0.5cm/h to 2cm/h (shown in Fig. 2). The
fiber spacing () obeys the well known equation:

2 constantλ R 
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Fig. 1 Morphology of Mo Fibers
(a) transverse cross section (1000); (b) longitudinal cross section (1000)

Fig. 3 shows a linear relationship between fiber spacing and inverse square root of growth
velocity of this eutectic.

  
(a) (b) 

Fig. 2 Influence of growth velocity on the Mo fiber size
(a) 0.5cm/h (400); (b) 1.5cm/h (400)
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Fig. 3 Relation between growth velocity and fiber spacing
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3.2 Mechanical Properties

In order to study the influence of loading direction on the room temperature tensile
properties, we chose three angles —0°, 45° and 90°—between the loading direction and the
fibber growth direction. Gauge diameter and length were 1.5mm and 7.5mm respectively.
Loading speed was 0.3mm/min. Data are listed in Table 1. When the loading direction was
parallel to the fibber growth direction, the rupture strength was the highest. The mean value
was l359MN/m2. Rupture strength decreased with the deviation of loading direction from the
fibber growth direction. When the loading direction was perpendicular to the fibber growth
direction, the rupture strength reached an averaged minimum of 941MN/m2. The drop was
about 31%, but this rupture strength still remained at the level of ordinary cast nickel-base
super alloy. Such a lowering of strength is not considered too high. For example, the difference
between the transverse and longitudinal tensile strength exceeded 44% for Al-CuAl2, 73C and
  - DS eutectics [6,7]. The tensile ductility of /  -  Mo DS eutectic is also good, and the
elongation perpendicular to the fibber growth direction still remained about 3%. Stress-strain
curve under the three conditions mentioned above (see also Table 1) are drawn in Fig. 4(1), (2),
and (3) curves represent parallel, 45 degrees and perpendicular conditions respectively. It is
clear that curves (1) and (2) show the existence of plastic deformation, while curve (3) reveals
no definite evidence for this.

Table 1 Off-axis room temperature tensile properties. asterisks indicate the
specimens which stress-strain curves are shown in Fig. 4

Angle   0/(MN/m2) /%

0
1392
1304
1382

9.8
13*
13

45
1147
1137
1078

14
15*

4.9

90

965.7
975.5
901.9
921.6

2.9
3.0
2.8
3.1*
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Fig. 4 Room temperature stress-strain curves of / ′-Mo DS eutectic

The loading direction is parallel(1), 45 (2) and perpendicular (3) to the fiber growth direction

3.3 Fracture Process

The dynamic fracture processes of tensile specimens with different loading directions
were observed in-situ with the SEM. After the load was applied parallel to the fibber growth
direction, elastic deformation began. There was no pronounced change in microstructure (Fig.
5(a)). Continuing to increase the load, plastic deformation took place. The matrix slip system
operated, and slip lines cut through the Mo fibres. Slip bands were located about 45 degrees to
the fibber growth direction, as shown in Fig. 5(b).
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Fig. 5 Deformation process (parallel to the fiber growth direction)
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(a) elastic deformation;(b) slip lines cutting through Mo fibers; (c) slip bands intersecting where fibers break into segments;
(d) fiber segments shear apart along the slip plane

On increasing the load steadily, we observed two or more slip bands intersecting, where
Mo fibres were broken (Fig. 5(c)). Afterwards, gaps between the broken fibres widened and
fibre segments sheared apart along the slip plane (Fig. 5(d)).

 

m 

Fig. 6 Thicker fibers first to be broken

Generally, the thicker fibers broke into small segments earlier than the thinner ones (Fig.
6), but that was not the cause of the final rupture. Delaminating along the interface between
the fiber and matrix was more important. It propagated and developed into microcracks as the
plastic deformation proceeded, as shown in Fig. 7(a). Final fracture was observed in the neck
region of the gauge -a heavily deformed region (Fig. 7(b)), where the crack changed its
propagation direction, turning 90 degrees to its original one. Fig. 7(c) shows the fracture
morphology, and Fig. 7(d) is a side view of the fracture surface.
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Fig. 7 Fracture process (parallel to the fiber growth direction)
(a) initiation of micro-crack on the interface of fiber; (b) fracture at heavily deformed region;

(c) fracture morphology; (d) side view of the fracture surface
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If the loading direction was at 45 degrees to the fiber growth direction, fracture proceeded
in the same way as before: cutting of slip bands through the fiber (Fig. 8(a)), initiation of
delamination, propagation of micro-crack along the interface of fiber and matrix (Fig. 8(b))
and final fracture at the neck region. Fig. 8(c) shows the fracture morphology. It can be clearly
seen that the fracture surface is also 45 degrees to the loading direction.

When the loading direction was perpendicular to the fiber growth direction, fracture
seemed to be brittle. As soon as the applied load exceeded the limit of elastic deformation,
final fracture occurred rapidly. Fig. 9(a) shows the fracture morphology, and Fig. 9(b) shows
the fracture surface. It is obvious that fracture appears at the interface of fibers and matrix.
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Fig. 8 Fracture process (loading at 45 degrees to the fiber growth direction)
(a) slip line cutting through Mo fibers; (b) micro-crack propagating along the fiber interface;

(c) fracture morphology
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Fig. 9 Fracture process (loading perpendicular to the fiber growth direction)
(a) fracture morphology; (b) fracture surface

All the phases in this DS eutectic are ductile, as can be seen from the microstructure
change during deformation process. From Fig. 7(b), one can see Mo fibers deform to a great
extent. Face-centered cubic ,    and body-centered cubic  phases have several slip systems.
Fig. 10 shows there exist three slip systems at a same moment, with one of them passing
through the Mo fibers. The plastic deformation is mainly due to slip. This is why this eutectic
is ductile, the room temperature tensile elongation exceeds 10%, if the loading direction is
parallel or at 45 degrees to the fibers.

The fracture mechanism can be described as follows: at first it is likely that some of the
slip systems may not easily pass through the Mo fiber due to the different structures or
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orientation, so they are obstructed at the interface, and dislocations pile up there. When these
have accumulated sufficiently, delamination initiates, develops and propagates. At the same
time, necking occurs, and micro-crack growth accelerates. The crack path immediately
changes to the transverse direction at the moment that the specimen cannot withstand the
applied load. This explains why the fracture surface is composed of trough-type cracks and
many dimples (Fig. 7(d)).

 
m 

Fig. 10 Slips in   /  -  Mo DS eutectic

Thicker fibers break first. It is probable that they are less perfect than the thinner ones,
having more dislocations or other defects, so that the strength and ductility are all worse than
the thinner fibers. Because of the ductility of the matrix, cracks in the thicker fibers only grow
a bit larger during the deformation process, but do not propagate through the matrix.

When the loading direction is at 45 degrees to the fiber growth direction, the shear stress
along the interface of fiber and matrix is highest. Of course, it will produce shear cleavage
along the interface.

The final case is when the loading direction is perpendicular to the fiber growth direction.
As soon as the applied stress exceeds the strength of the bond between fiber and matrix, the
specimen breaks quickly. In this case it is hard to observe any trace of plastic deformation.

4 Conclusion

The microstructure of /  -  Mo DS eutectic consists of  Mo fibers with square or
rectangular cross section aligned parallel in the matrix, The Mo fibers are surrounded by   
and there is a strict crystallographic orientation relationship between  and   .

Two types of cracking are observed during the off-axis dynamic fracture process:
cracking of the fiber and delamination along the fiber-matrix inter-face. The thicker fibers
break into segments earlier than the thinner ones, but it is not the cause of the final fracture.
When the loading direction is parallel or 45° to the fiber growth direction, many intersecting
slip bands have been observed. Delamination initiates, develops and propagates at the
fiber-matrix interface, that is the main source of final fracture. On the contrary, when the
loading direction is perpendicular to the fiber growth direction, the specimen is quickly to be
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torn apart along the fiber-matrix interface, so its ductility and strength are much lower than the
former loading conditions.
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F. D. Lemkey:

During transverse tensile testing was fracture initiated on the /   - interface or on
eutectic grain boundaries or both?

Author:

Fracture was initiated on the /  - interface. Because of limited number of samples we
observed, Dr. Lemkey′s suggestion is well worth noticing on our future research work.

M. Thomas:

At 45° one sample had significantly lower ductility than the other two. Is there any
explanation for this?

Author:

Data is real but no difference in microstructure observed.
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