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Abstract

   Tensile testing of Ni3Al intermetallic-compound single crystals with no additive, 0.25 and

0.50 at. % boron has been performed using acoustic emission (AE) method in order to examine

the interaction between boron atoms and mobile dislocations. Boron additives increase the yield

strength of Ni3Al by 276 MPa/at. %. AE event rates have two peaks at yield point and in work-

hardening region. The peak event rates and the distance between these peaks increase with an

increase in boron contents. The latter results from the difficulty of the homogeneous deformation

due to active cross-slip because the stacking fault energy decreases with boron.  The total AE

event counts near yield point increase with boron, implying that boron atoms act as interstitials in

Ni3Al and their frictional drag acts as AE sources. Furthermore, the inhomogeneous dislocation

motion not from the cross-slip may generate AE during the second peak.
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1. Introduction

We can make use of acoustic emission (AE) generated during deformation in materials to

study the dislocation motion, the interaction of dislocations with inclusions and precipitates, and

the dynamic behavior of micro-cracking.  For example, the AE behavior during the yielding of

age-hardened copper and aluminum alloys has been investigated [1-5]. When dislocations by-

pass precipitates, the diameter and distribution of precipitates affect the AE behavior. When dis-

locations shear and pass through precipitates, the anti-phase boundary energy and the frictional

resistance to dislocation motion in precipitates mainly affect the AE behavior [5]. However, no

information is available on the AE behavior during deformation of precipitates themselves that

are often intermetallic compounds [6].

Intermetallic compounds have been considered as heat resisting alloys of the future. That is

partly because the yield strength of some intermetallic compounds increases with increasing

temperature in a certain high temperature range. Ni3Al is one of such intermetallic compounds,

but polycrystalline Ni3Al fails due to intergranular fracture because of the brittleness of grain

boundary [7]. Additions of a small amount of boron [8] or some third elements [9], and unidirec-

tional solidification [10] have been found to reduce the grain boundary brittleness. In the case of

boron doping, several studies from basic point of view have been conducted to understand the

solubility of boron atoms in Ni3Al, effect of boron additive on yield strength, lattice parameter

change and interaction between boron atoms and dislocations and deformation mechanism of

Ni3Al including boron additives [11-14]. In addition, several in situ straining experiments in a

transmission electron microscope have been performed to determine dynamical dislocation

mechanism in stoichiometric Ni3Al [15-17]. However, there is no data on the AE behavior of

Ni3Al single crystal during tensile deformation.
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In this paper, the effect of boron additives on two peaks of AE event rates during tensile de-

formation has been investigated using Ni3Al intermetallic-compound single crystals. The inter-

action of mobile dislocations with boron atoms has been discussed analyzing the AE behaviors

obtained.

2. Experimental Procedures

Ni-24 at. % Al (~Ni3Al) with no additive, 0.25 and 0.50 at. % boron was prepared from pure

nickel (99.97 wt. %), pure aluminum (99.9 wt. %) and pure boron (99.9 wt. %) by a high-

frequency induction-melting method under argon atmosphere at 1823 K. Melting and casting

were carried out twice to make ingots homogeneous. Single crystals were grown from such in-

gots by a modified-Bridgman technique. Tensile specimens with a gage size of 1 mm x 3 mm x

12 mm were spark-machined. All the specimens were annealed under argon atmosphere at 1473

K for 20 h and cooled in furnace. The surface layer was removed by mechanical polishing and

electro-polishing in a 10% sulfuric-acid and 90% ethyl-alcohol solution. Tensile test was per-

formed using an Instron-type machine at a strain rate of 2.8 x 10
-4

 s
-1

. After the tensile test, the

dislocation structures in the specimens were observed using a transmission electron microscope

(TEM). Only Ni3Al X-ray diffraction peaks were observed for all the single crystals. All the ten-

sile tests were performed to a strain of 0.25. After tensile tests, we could not find any macro-

cracks, and thus all specimens used were considered to be ductile.

Two-channel system (PAC: MISTRAS-2001) was used to obtain AE data that consists of rms

(root-mean-square) voltage, cumulative event counts, event rates and peak amplitude. Two AE

transducers with 200-kHz resonance frequency were used, and the signals were amplified 60 dB

with a band-pass filter with the range of 0.1 to 1.2 MHz. Threshold level was 31.6 V at the in-

put of preamplifier. AE data were recorded on a pen recorder and a microcomputer. Only AE

events generated between two transducers within time interval of 2 s were sent into the AE data

memory to detect the AE in the deformed part.

3. Results and Discussion

Figure 1 shows the stress-strain curves and AE activities (AE event rates and rms voltages)

of Ni3Al single crystals with no additive, 0.25 and 0.50 at.% boron during tensile deformation.

The yield strength increases linearly with increasing boron contents as shown in Fig. 2. The flow

stress at the strain of 0.25 also increases with the increase of boron. The behavior of AE event

rates is similar to that of rms voltages. The AE event rates have two peaks during tensile defor-

mation of Ni3Al single crystals regardless of boron contents. The first peak is located near the

yield point and becomes more active with an increase of boron contents. The second peak exists

in the work-hardening region and its height decreases gradually with an increase of boron con-

tents.

The deformation in all Ni3Al single crystal regardless of boron content is macroscopically

uniform over the specimen gage section. The primary slip system is mainly active in Ni3Al in-

termetallic compound as in other fcc materials. Some cross slip systems are also found. That is

so different from the results obtained by the directionally solidified specimens [18].
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Fig. 1  Stress-strain curves, AE event rates (left) and rms voltages (right) of Ni3Al single crystals

during tensile deformation with (a) no additive, (b) 0.25 at. % B and (c) 0.50 at. % B.

    The slope / C, where  is the change in yield strength and C is the change in concentra-

tion, indicates a very large strengthening effect of 276 MPa/at. % boron. This value is smaller

than that estimated by Baker et al. [14] who used coarse-grained (d = 0.5-2 mm) stoichiometric

Ni3Al, where grain boundary segregation of boron is expected. Therefore, this value is reason-

able in Ni3Al single crystal. The same value in 0.25 was 497 MPa/at.% boron in the previous pa-

per [19]. The work-hardening rate appears to become larger with increasing boron contents.
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Fig. 2   Yield strength as a function of boron contents

Fig. 3 Definition of Lüders strain and AE active strain from yield point.

The AE activity in the yielding region is mainly related to the yield point strains that are

known as Lüders strain and AE active strain from the yield point defined in Fig. 3. Figure 4

shows the relation between AE active strain from the yield point and Lüders strain. The AE ac-

tivity increases with increasing the Lüders strain. This may imply that the source of the AE

means the more breakaway of pinned boron atoms from mobile dislocations.

We next consider the AE activity in the work-hardening region. Figure 5 shows the relation

between the boron concentration and the nominal strain at the second peak of the detected AE.

The nominal strain at the second peak of the AE decreases with an increase of boron content. If

the secondary AE activity depends on another inhomogeneous plastic deformation, the boron

contents clearly give the effect to hasten the inhomogeneous plastic deformation. Generally

speaking, the AE activity during plastic deformation decreases gradually after yielding or in the

work-hardening region, unless there occurs micro-cracking in matrix, secondary phase precipi-

tates, inclusions and on the interfaces. However, the AE here is re-activated to show the second

peak in the work-hardening region. It is interesting to find what the source of the AE is.
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Fig. 4 Relation between AE active strain

from yield point and Lüders strain.

Fig. 5  Relation between the boron concen-

tration and the strain at the second peak.

Amplitude distribution during tensile deformation has been examined to determine the source

of AE. Figure 6 shows an example of amplitude distributions of AE in the specimen with 0.50 at.

% boron in stage 1 and stage 2. The stages mean the region of  = 0 to 0.05 and  = 0.05 to 0.25,

respectively. The amplitude in both stages has a peak between 50 dB and 60 dB. The amplitude

in this region may be related to the plastic deformation or the inhomogeneous dislocation mo-

tions. Therefore, these AE activities that consisted of the first and second peaks of the AE event

rate are considered to contain the same source of AE during plastic deformation.

Fig. 6  Typical amplitude distributions of AE in the specimen with 0.50 at. % B in (a) stage 1 and
(b) stage 2.

We next discuss the AE sources. Boron acts as interstitial in Ni3Al because a boron atom is

much smaller than either Ni or Al atom. It is considered that plastic deformation is mainly per-

formed due to anti-phase-boundary (APB)-coupled dislocations, called super-lattice dislocations,

within the range of boron contents used here. TEM photograph of super-lattice dislocations are

shown in Fig. 7. [14] It is known that the APB energy is lowered due to the boron addition and

that the yield strength is enhanced as shown in Fig. 2 because of the increase in lattice parameter

due to the boron addition. It is possible that the increase in the yield strength promotes micro-

scopically inhomogeneous plastic deformation. If so, the increase in the yield strength arises
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from the frictional drag of boron atoms on mobile dislocations. This is one of the AE sources. In

this case, the amplitude may be comparatively small. It appears that the AE activities at the yield

point and in work-hardening region corresponds to the same dislocation source. The generation

of cross slip appears to be consistent with that of the AE during work-hardening where the AE

event rates have shown the second peak. The cross slip is easy to operate and induce the homo-

geneous deformation in the specimen with no boron additive because of the large APB energy or

the narrow super-lattice dislocation spacing, as shown in Fig. 8. As a result, the uniform plastic

deformation continues and delays the secondary AE activity as shown earlier in Fig. 5. With in-

crease of the boron additives, the inhomogeneous plastic deformation is hastened in the work-

hardening region because the super-lattice dislocation spacing is extended as shown in Fig. 8.

After the cross slip, the secondary AE activity occurs. Molenat et al. [16] considered this to be

due to the APB jumps so as to gain more strain in this region. The APB jumps occur when the

leading super-partial is dissociated in a parallel (111) plane and may cause the AE second peak in

the work-hardening region. Unlocking is enhanced by the resolved shear stress acting on (100)

plane.

The binding energy of a boron atom to an edge dislocation is considered to be large (~0.7 eV)

and is comparable to that calculated for carbon in iron (~1.0 eV) [14]. This magnitude indicates a

strong interaction between a boron atom and an edge dislocation. In the case of this study, one

suggestion is that larger amplitude AE events can be detected when more Lüders strain occurs.

The more scattering of AE event counts at the yield point with increasing boron contents sug-

gests that the boron produces an asymmetrical strain field, possibly by some of the boron atoms

occupying interstitial sites on the Ni3Al unit cell edge as mentioned by Baker et al. [14].

Fig. 7 Typical dislocation distribution of the

specimen with 0.50 at. % B after the strain

of 0.225.

Fig. 8 Effect of boron content on super-

lattice dislocation spacing.

  

6. Conclusion

Acoustic emission measurement and tensile testing in boron-doped Ni3Al single crystals have

shown that:

(1) Boron activates the AE activity.
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(2) Boron has a large strengthening effect at yield point of 276 MPa/at.% boron.

(3) AE activities have two peaks that are at the yield point and in the work-hardening region.

(4) The first peak is due to a frictional drag of boron atoms on mobile dislocations, including the

interaction between boron atoms and mobile edge dislocations as shown in a solute atmosphere

model.
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