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Thoughts on the Occasion of the Second Transformation 

in Materials Science 

M. Meshii 

Department of Materials Science and Engineering, 
The McCormick School of Engineering and Applied Science, Northwestern University, 

Evanston, IL 60208-3108 U.S.A. 

Keywords: hard materials, soft materials, metallurgy, interdisciplinary 

Abstract.   The discipline of Materials Science is, we believe, in the midst of the second 

transformation. The research and education of most of the Materials Science and Engineering 

departments in the United States have traditionally emphasized hard materials. The recent surge in 

research of soft materials and our perceptions that the Materials Science Methodology (both 

experimental and numerical) holds the advantage in the research of the soft materials prompt us to 

expand the area of soft materials at the expense of hard materials. Clearly the struggle between the 

two types of materials will continue for some time to come. The current struggle in weighting will be 

described in an historical fashion comparing it to the struggle in the first transformation that took 

place in the 1950's and 1960's.  

Introduction  

     Materials Science became an academic discipline mostly in engineering schools of universities 

and possesses unique characteristics. Depending on who describes it, adjectives such as 

"interdisciplinary", "dynamic" and "applied" are employed. As a part of an engineering school, its 

mission must include the rapid and effective response to the technical and societal needs and, at the 

same time, it must maintain a very high academic standard both in education and research. Because it 

is a relatively new discipline, and is interdisciplinary and dynamic, it is in striking contrast to more 

traditional disciplines such as biology, chemistry and physics. In this short manuscript, it is emergence, 

i.e., the first transformation, development, and the second transformation are briefly reviewed to 

characterize Materials Science.  

Emergence and Development of Materials Science  

     Many Materials Science (and Engineering) departments are transforms from Metallurgy and other 

related departments. The stimuli for the first transformation came from academic fields as well as 

technological needs. The academic stimulus was impressive advances in the area of solid state physics 

both in application of theories and experimental achievements, enabling metallurgists to quantify and 

predict their observations. The discoveries and theoretical developments in 1940's and 54's in the area 

of phase transformation, diffusion and lattice imperfections truly ignited the passion of young 

researchers in metallurgy to utilize the new approach to their subjects. World War II stimulated the 

needs of new materials and necessitated scientists and engineers from different disciplines to 

collaborate in urgent and important projects such as Manhattan Project [1]. The subsequent Cold War 

further promoted such interdisciplinary collaboration again with a sense of urgency this again with a 

sense of urgency. People, who had been involved in the collaboration also realized the advantage and 

started to utilize more and more in their field. The rapid technological developments in the post war 

period also demanded engineers and scientists with a broad knowledge of various classes of materials 

such as ceramics, semiconductors and polymers in additions to metals. The concepts of Materials 

Science took a shape in this background and the first department under the concept was established in 

1955. This trend, although initially questioned, gradually gained strength in the 1960's. In the 
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following twenty years, the discipline of Materials Science and Engineering gained firm recognition 

and appeared to mature, but it was destined to be dynamic. This may contradict the belief of some 

practitioners who consider stability to its curriculum and static maturity of the subject as the condition 

of an established discipline [2]. The present author believes that the disciplines in engineering schools 

must be dynamic, responding as rapidly as possible to the need of society and industries. In this sense, 

Materials Science departments can spearhead the current effort of many engineering schools in their 

effort to innovate education and research. There is also a strong trend both in research and education 

of engineering that interdisciplinary activities are increasing.  

Strength of Discipline of Materials Science  

     It has been repeatedly pointed out that Materials Science is a science to study structure and 

property of materials and to establish their relationship. Materials Science employs most effort in 

structure determination in molecular and atomic levels, utilizing best instruments available and 

developing sophisticated techniques. We train our students to be the best structure analysts. At the 

same time materials scientists are advanced in property measurements. Then, they are trained to 

correlate the structure observed to the property determined. In addition, with the recent advancement 

in numerical analysis with computers, specialists have been trained to predict how molecules and 

atoms are arranged in materials under various conditions numerically. The processing techniques are 

continuously developed to produce these structures. All of these specializations have been acquired 

within the initial framework of Materials Science, working on metals, ceramics, semiconductors and 

polymers. Furthermore, a typical Materials Science department is very interdisciplinary in the 

composition of faculty members and graduate students. They are trained to adjust with and take 

advantage of different scientific approach and different terminologies inherent with different 

disciplines. In other words, Materials Scientists are expert in interdisciplinary activities. 

     The strength mentioned above is fully demonstrated in investigation of materials, but nearly 

exclusively to hard materials until ten years ago except more traditional investigation of polymeric 

materials. The situation has started to change with increasing momentum.  

Second Transformation  

     The revolutionary development in Molecular Biology and Biochemistry enabled to process and 

analyze molecular materials with precise molecular control. The methodology such as self assembly 

of nano fibers has been utilized to design materials with various properties that are suitable in 

biological and medical applications. The biological structure can be determined and can be mimicked 

to produce synthesized biological materials. It has been speculated and demonstrated in a preliminary 

fashion that parts of biological bodies can be repaired and /or replaced by the materials thus developed. 

Materials scientists, demonstrating possibilities of repairing spinal cords and bones, have reported 

preliminary studies.  

     The demand and funding from medical and pharmaceutical industries would certainly accelerate 

these types of investigations. Students are eager to get involved in research in these areas. The prize is 

huge. Substantial developments are eminent. Material Scientists are only one of many players 

competing for the prize. The competition is coming from many disciplines. The question is "do we 

have an edge" in this competition. The time will tell.  

Closing Remarks  

     Materials Science with characteristics of "dynamic" and "interdisciplinary" will move into the 

field of soft material - biological materials and other molecular materials, utilizing its expertise in 

structure, property and processing. The competition with other discipline will be fearce and hard. The 
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outcome will not likely to be "winner takes all". Multiple disciplines will probably contribute to the 

research with their different strength. The interdisciplinary collaboration among them will be 

essential.  

     Another hurdle to encompass this new area is the inclusion of bio and soft materials in the core 

curriculum of materials Science. It is currently debated and will be published soon.  

Reference  
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Abstract. Internal interfaces are decisive for many properties of materials. Both functional and 
structural properties of interfaces are briefly reviewed on selected examples. Approaches to the 
grain boundary classification are discussed in the context of the complex relationship between 
microstructure and material properties. Implications for grain boundary engineering are mentioned. 

Introduction 

The properties of materials are affected to a large extent by the internal interfaces. These planar 
defects of the ordered crystal structure are buried in the material interior, and are thus less accessible 
to various experimental techniques than the external surfaces. In general, the interfaces play a 
crucial role in diverse fields such as transportation, energetics, electronics, medicine etc. Hence the 
study of their properties is a cross-disciplinary task. Let us restrict our considerations here only to 
physical and chemical properties that are directly related to the interface atomic structure, and only 
to solid state, i.e., the interfaces between liquid and gas phases equally important will be excluded 
despite their technological significance. 

Due to short-range stress field the influence of interfaces is primarily based on their atomic 
structure.  Special character of grain boundary properties follows from the nature of atomic 
arrangements in the boundary cores, from the interfacial dislocation content and from the boundary 
mobility. All those aspects of boundary behaviour are strongly influenced by the boundary 
chemistry including various segregation phenomena. 

The interfaces are both sources and sinks of point defects as vacancies or imperfections and 
affect thus the properties sensitive to such defect concentrations. Since the diffusion along the 
interfaces is faster than inside the perfect crystal, plastic deformation at elevated temperatures can 
occur under certain conditions by the interfacial diffusion. Segregation of impurities is decisive for 
the cohesive properties of interfaces and can be a principal cause of intergranular fracture. 
Moreover, the interfaces are preferential sites for precipitation and the interfacial structure can be 
favourable for initiation of new phase formation. 

The interfaces can be strong obstacles for dislocation motion. Consequently, the plastic 
deformation is directly affected by the interfacial arrangement that can be substantially modified by 
thermo-mechanical material processing. 

The most close-packed atomic planes can be taken as the starting building elements for the 
construction of the grain boundary classification. These planes represent the facets of small atomic 
clusters with the three atoms at the shortest distances defining the plane orientation. Such planes 
have the lowest density of irregularities.  

The number of papers containing data on different grain boundaries is very limited. A large 
number of good quality bicrystals is needed for such measurements and their preparation is a 
requisite condition for systematic research. Let us mention one example here - structure, energy and 
fracture stress were studied on molybdenum bicrystals [1-4]. Two series of grain boundaries were 
investigated: symmetrical tilt boundaries with the [110] rotation axis and twist boundaries on the 
{110} plane. The specimens were tested by four-point bending at the temperature of 77 K much 
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lower than the ductile-brittle transition in molybdenum polycrystals. The fracture always initiated at 
grain boundaries.  

This paper is organized in the following way. First the magnetic properties of homogeneous thin 
films will be discussed, then the dislocation structure of interfaces will be dealt with, in the next 
section a revised version of grain boundary classification will be described and finally, its 
consequences for the grain boundary engineering will be assessed.  

Magnetism in Thin Films  

To study magnetism is not exciting only because of its technologically important applications in 
magnetic recording but it is still attractive as physical phenomenon itself. As an example of the 
functional property affected by interfaces, let us discuss magnetic states in thin films. 

The atomic magnetic moment is very sensitive to the atom surrounding, it is the highest for the 
isolated atom, decreases for one-dimensional atomic chain, further goes down for atomic mono-
layer and the atoms on the free surface, and finally, it reaches a bulk value for the ordered crystal. 
The calculated values for iron [5] and critically assessed values for cobalt [6] are summarized in 
Table 1. The atomic moment of two-dimensional mono-layer is about 40% larger than the bulk 
value and that one of isolated atom according to Hund’s rules can be even almost four times larger. 
The atomic magnetic moment is obviously very sensitive to the atomic arrangement in its vicinity 
and to local chemical composition. It should be emphasized that an important parameter for thin 
films is thus local strain. 

Table 1 

Magnetic moments in µB of an atom in the bulk of the crystal (bcc Fe and hcp Co), on the external 
free surface, in the two-dimensional mono-layer, in the one-dimensional atomic chain and of a free 
isolated atom 

 
 bulk surface mono-layer chain free atom 
Fe [5] 2.25 2.98 3.20 3.36 4.00 
Co [6] 1.73 1.89  2.20 6.63 
 

Let us discuss a simple model of an iron film on the substrate where the atomic spacing parallel 
to the interface is given by the lateral atomic spacing of the substrate and the atomic separation in 
the perpendicular direction is taken as a free parameter [7]. The calculations of the total energy were 
performed for the initially bcc crystal homogeneously deformed along the bcc – fcc tetragonal 
(Bain’s) transformation path at various atomic volumes. The fcc structure is reached at the c/a ratio 
equal to v2 when the tetragonal uniaxially deformed structure is attaining again cubic symmetry. 
Different magnetic states were considered: non-magnetic, ferromagnetic, single-layer and double-
layer antiferromagnetic states where the magnetic moments in the three later states are either 
uniformly ordered or alternate on neighbouring single or double atomic cubic planes.  

The regions of different favoured magnetic states possessing the lowest total energy are 
schematically shown in the two-dimensional diagram in Fig. 1 where the free parameters are c/a on 
the x-axis and the atomic volume V normalized by the value for the bcc equilibrium structure on the 
y-axis. For a substrate with a fixed atomic spacing a, the two parameters x=c/a and y=a

2
c/a3

bcc=kx 
are related by the straight line, k = a

3/a3
bcc where abcc is the bcc lattice parameter. The favoured state 

can be predicted as the point corresponding to the lowest energy along this straight line.  
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The equilibrium bcc magnetic state (c/a = 1, V = 1) is ferromagnetic and the region of the 
antiferromagnetic states is located around c/a = 1.5 for compressed atomic volumes V < 0.95. The 
single-layered antiferromagnetic region is enveloped by the double-layered one. The results for 
various substrates are in a good agreement with the experiments as demonstrated in [7] despite the 
model simplifications. Let us recall that the thickness of the iron film is not considered, only the 
coherent relationship between the substrate and film is assumed. It indicates that the nature of 
magnetic state of the system is well captured in spite of omission of the inhomogeneities at the free 
surface and film/substrate interface. 
 

 
 
Fig. 1. Occurrence of different magnetic states at homogeneously deformed iron. c/a on the x-axis 
indicates the magnitude of the tetragonal deformation at given atomic volume and V on the y-axis 

the atomic volume normalized by the value for the bcc structure. FM, AFM1 and AFM2 are 
ferromagnetic, single-layer and double-layer antiferromagnetic states, respectively. 

Misfit Dislocations 

The main assumption of the preceding section was a coherent interface between the film and 
substrate. The condition of homogeneous structure of the film is fulfilled only when its thickness is 
smaller than certain critical width hc when the homogeneously deformed layer has lower energy than 
the layer containing misfit dislocations at the film/substrate interface. Very thin films are fully 
pseudomorphic to the substrate, i.e., their structure can be entirely deduced from the substrate 
surface. Let us notice that the elastic strains can reach very high magnitudes in such thin films. 

The elastic energy of a film having the width h is equal to h Mε2 where M is the biaxial elastic 
modulus and ε elastic strain [8]. Assuming a square grid dislocation array with the dislocation 
spacing d, the energy per unit area of the interface can be evaluated as 2/d Gb

2 where G is shear 
modulus and b interfacial dislocation Burgers vector [9]. When the dislocations fully accommodate 
the lattice misfit between the film and substrate then d = b/ε and the critical film width can be 
estimated as hc = 2Gb/Mε, i.e., it is equal to the dislocation spacing multiplied by the ratio of elastic 
constants 2G/M. 

Strain relaxation in thin layers is of fundamental importance in both functional as well as 
structural materials. It determines morphological stability of layers essential for the production of 
electronic devices and plays a crucial role for the mechanical properties as well. 

As an example let us discuss misfit dislocations compensating lattice misfit between different 
variants of the L10 structure in TiAl intermetallics [10]. When the plastic deformation has to be 

Materials Science Forum Vol. 512 7



 
 

 

transmitted across the interface, the incoming lattice dislocations interact with the interface misfit 
dislocations, and the strength of the interface, as an obstacle for dislocation motion, may depend on 
the actual arrangement of interface dislocations. The dislocation structure of an interface is always 
determined by the exact crystallographic relationship of the joint crystals. If there is a misfit 
between atomic planes in contact it can be in principle fully compensated by certain strain. The 
misfit arising from the difference of the lattice parameters of two isomorphic structures is 
accommodated by the edge dislocations producing extension on one side of the interface and 
contraction on the other side. The shear misfit type, which occurs on the lamellar interfaces in TiAl, 
can be compensated by screw dislocations, but the arrays of screw dislocations can cause a twist 
misorientation without any misfit as well. A required shear deformation can result from several 
dislocation networks differing by small additional misorientations about the axis perpendicular to 
the interface. In other words, the same strain tensor can be obtained by shears in different directions. 
In fact, it has been demonstrated experimentally for TiAl [10-19] that the misfit of certain 
magnitude can indeed be accommodated by various dislocation networks.  

Three qualitatively different displacement fields at the interface can be distinguished: expansion 
or contraction in two perpendicular directions, shear equivalent to the expansion in one direction 
combined with the contraction in the perpendicular direction and rotation of one crystal with respect 
to the other one separated by the interface. The strain is distributed across the interface according to 
the elastic properties of the two media, it can be localized essentially only in one crystal when the 
other crystal is strongly harder. However, in the case of the interfaces between different TiAl 
variants with the identical elastic constants the strain will be symmetrically distributed in the two 
misoriented crystals. 

The same shear deformation can be caused by the set of parallel screw dislocations in one 
direction or by another set in the perpendicular direction or by a combination of several dislocation 
arrays [10]. It can be shown that the crystallographic relationships of the two crystals for the 
perpendicular shears differ by a small rotation above the axis perpendicular to the interface, i.e., the 
later configuration is a superposition of the former configuration and a small angle twist boundary. 
Consequently, the lattice dislocations can react differently with diverse dislocation interfacial 
structures. 

The interfaces are obviously efficient obstacles for dislocation motion. Dislocation processes 
taking place at the interfaces have been recently studied by in situ [20,21] and post mortem [22,23] 
electron microscopy. It was found, for example, that the strain of an incoming twin formed by the 
1/6<112] Shockley partials can be transferred to the neighbouring lamella across the 120° interface 
by the ordinary- and super-dislocations according to the reaction 
 

6 1/6<112]I = 2 1/2<110]II + <101>II .    (I) 
 
Since the Burgers vectors belong to two different crystals separated by the interface, the expression 
above indicates only the number and types of dislocations but not the specific crystallographic 
directions. The dislocations propagate along the {111} plane in continuation of the initial glide 
plane. Another reaction can be written for the transition across the twin (180°) interface  
 

3 1/6<112]I = 3 1/6<112]II + 1/2<110]II + 1/2<110]I .   (II) 
 
In this case the dislocations lie on the mirror symmetric glide planes. It is seen that the motion of 
Shockley partials of twinning is accompanied in both lamellae by the glide of ordinary dislocations. 
For the difficulties to observe in situ what is happening at the interfaces, the role of interface 
dislocations was analysed post mortem and the following reaction was proposed 
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3 1/6<112]I = 3 1/6<112]II + 2 1/2<110]II + 2 1/6<112]I-II .   (III) 

 
The incoming and outgoing planes are mirror symmetric with respect to the twin interface. 

Notice that the last term represents interfacial dislocations with the Burgers vector parallel to the 
interface. Propagation of outgoing Shockley partials is again associated with the ordinary 
dislocations. It can be concluded that the twinning is linked with the motion of ordinary dislocations 
arising from the reactions at the interfaces during the transfer of plastic deformation.  
 
 

 
Fig. 2. Different arrays of interfacial dislocations compensating the misfit of shear type. 

Dashed lines represent 1/6<112] dislocations, full lines 1/2<110] dislocations. 
 

It has been demonstrated in [10,19] that the misfit caused by the tetragonality of the L10 structure 
on the 120° and 60° (pseudotwin) interfaces can be compensated by the networks of interfacial 
dislocations of various types. In principle, just one set of screw dislocations (Fig. 2a) would be 
sufficient, but the same misfit of shear type can be compensated also by two (Fig. 2b) or three 
(Fig. 2c) dislocation arrays. The Burgers vectors of interfacial dislocations lie at the interface. An 
array of dislocations with the Burgers vector perpendicular to the interface would give rise to a tilt 
deviation from this interface of special character and such deviation is likely to increase the 
interfacial energy.  

The interfacial dislocations are apparently mobile along the interface, and can thus increase the 
flexibility of plastic deformation. The macroscopic measurements [24,25] show that the strain in the 
lamellae is parallel to the interfaces in the samples loaded along the lamellae, i.e., the resulting 
strain is parallel to the plane with zero resolved shear stress. This is a consequence of the fact that 
the deformation modes inclined to the lamellae are combined in such a way to give strain not 
interfering with the interfaces.  

Grain Boundary Classification 

Grain boundaries are characterized by the mutual rotation of two adjoint crystals and by the normal 
to the boundary plane. Moreover, in addition to these extrinsic parameters, the intrinsic factors 
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describing unequal boundary atomic structures such as a relative translation of the two grains has to 
be considered. A large attention was paid to the symmetrical boundaries as their special structures 
and properties were anticipated. A geometrical classification of symmetrical boundaries for the fcc 
as well as bcc bicrystals was proposed in [26] on the basis of interplanar spacing that is related to 
the atomic density on the planes parallel to the boundary. The classification starts from the most 
close-packed planes and generates the normals to the symmetrical boundaries covering gradually the 
whole space of plane orientations. To complete all possible grain boundary types, geometry of 
asymmetrical boundaries was examined in [27]. 

Grain boundaries can be divided into three classes: (i) high energy general grain boundaries with 
a tendency to intergranular fracture, (ii) low energy singular (special) grain boundaries with the 
properties closer to those of unperturbed crystal, and (iii) transitive vicinal grain boundaries [28]. 
Three steps can be distinguished in the experimental characterization of polycrystals: determination 
of (a) the grain orientations used in texture analysis, (b) the mutual rotations of neighbouring 
crystals and (c) the normals to grain boundary surfaces. The reciprocal density of coincidence sites 
(parameter Σ) that is directly related to the grain rotation is a main characteristics of grain 
boundaries generally used in literature. The approach of Grain Boundary Engineering trying to 
increase the portion of special boundaries with better properties is often based on Σ values [29,30]. 
However, according to our findings also asymmetrical boundaries with very large Σ values can 
display special behaviour. Notice that quite different properties can be detected for grain boundaries 
with the same crystal misorientation, and hence the same Σ values, when the boundary plane is 
differently inclined [31]. 

The orientation dependence of grain boundary energy for symmetrical boundaries in bcc metals 
was studied using many-body as well as empirical potentials in [32]. While essentially only Σ5 
boundaries on {013} and {012} deviate from a smooth curve of general high-angle boundaries for 
the [100] rotation axis, more pronounced cusps for Σ3 {112} and Σ11 {332} are detected for the 
[110] rotations, similarly to fcc metals where the special symmetrical boundaries are on {111} and 
{113}. 

 

 
 

Fig. 3. Classification of [100] tilt grain boundaries in α-iron. 
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The anisotropy of grain boundary segregation is in agreement with the following classification of 
the [100] tilt grain boundaries in α-iron [33] (see Fig. 3):  
• symmetrical {015}, {013} and {012}, and (001)/(013) and all (011)/(0kl) asymmetrical 

boundaries are special;  
• boundaries in the vicinity of special grain boundaries and all (001)/(0kl) asymmetrical grain 

boundaries are vicinal except the (001)/(013) and (001)/(011) interfaces;  
• all other grain boundaries with the misorientation larger than about 10°–15° are general.  
Although the special {012}, {013} and {015} symmetrical grain boundaries possess − in agreement 
with the Coincidence Site Lattice model − low values of Σ (5, 5 and 13, respectively), a large 
discrepancy between this and traditional classification is found for asymmetrical interfaces. For 
example, the (001)/(011) non-coincidence (Σ→∞) grain boundary is special. The Σ5 36.9°[100] 
misorientation relationship covers all classes of grain boundaries, special {013}, (011)/(017) and 
{012}; vicinal (001)/(034); and general (018)/(047) and (0 3 11)/(097). It is clear from these 
examples, that an uncritical acceptance of Σ as a criterion for special grain boundary behaviour is 
misleading especially in the case of asymmetrical interfaces. 

Grain Boundary Engineering 

A specific arrangement of low-angle and/or special grain boundaries can prevent intergranular crack 
propagation to a large extent, and the fracture strength becomes then comparable with that of 
transgranular cleavage. Generalizing this idea, Watanabe proposed the concept of grain boundary 
design for polycrystals (Grain Boundary Engineering) [29,34] to produce material with grain 
boundaries of such character and distribution that results in significant improvement of its 
properties. 

To apply this concept, it is necessary to consider various parameters of a large spectrum of grain 
boundaries such as boundary area and width, their junctions, grain size and shape, interfacial 
faceting, phase formation; type, character and structure of grain boundaries, chemical composition 
and segregation, and energetic parameters [34]. The production of polycrystal with better properties 
is based on various kinds of thermo-mechanical treatment including classical strain/anneal 
techniques that are used to increase the frequency of special (twin) grain boundaries that frequently 
interrupt the network of general interfaces in a new microstructure thus increasing the resistance of 
material against intergranular brittle fracture. Formation of new microstructure can be caused by 
faster motion of special interfaces during recrystallization as compared to general ones. Newly 
developed processes may also adopt annealing in magnetic field that retards recrystallization and 
substantially increases the frequency of the low-angle and special grain boundaries as it was found 
in Fe–9%Co alloy [35].  

Summary 

Selected properties of material interfaces were briefly reviewed. The attention was focused on 
magnetic properties of thin films, the dislocation structures compensating crystal misfit and new 
more complete classification of grain boundaries. It should be emphasized that certain asymmetrical 
grain boundaries show special behaviour comparable with low-value Σ special boundaries. A better 
knowledge of behaviour of all possible types of grain boundaries is still highly desirable. 
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Abstract. A magnetic technique was applied to examine cyclic deformation behavior and 

deformation damage in ordered FeAl and Ni3(Al,Ti) single crystals. The fatigue lifetime of FeAl was 

evaluated by an abrupt increase in spontaneous magnetization. The morphology of γ precipitates in 

Ni3(Al,Ti) during annealing and deformation was examined by changes in spontaneous magnetization 

and coercive force.  

   

1. Introduction 

 

Magnetic properties of ferromagnetic materials are known to correlate with lattice defects. A 

transition between ferromagnetism and paramagnetism by plastic deformation often occurs in several 

types of intermetallics such as Pt3Fe, Ni3Mn, Pt3Co, Ni3Fe, Ni3Al, FeAl and Fe3Al [1,2]. One of the 

authors [2,3] previously reported that the deformation-induced magnetization in FeAl is caused by the 

atomic environment and magnetic coupling changes near an anti-phase boundary (APB) between two 

superpartials. Since magnetic susceptibility, coercive force and high-field susceptibility are also 

sensitive to the lattice defects, a magnetic technique has been applied for nondestructive evaluation of 

mechanical damage in ferromagnetic materials and observation of lattice defects. In this paper, we 

quantitatively examine the quantity of APBs in cyclically deformed FeAl single crystals and try a 

nondestructive evaluation of the fatigue lifetime using a magnetic technique. 

  Ni-base superalloys which consist of L12 ordered γ’ and disordered γ phases have been used as a 

superior high-temperature structural material for gas turbine and jet engine turbine blades. The γ’ 

phase shows a weak paramagnetism and slight change in magnetization even after strong deformation 

[4]. However, since the γ  phase is ferromagnetic and the magnetic property is strongly influenced by 

deformation, the deformation behavior is expected to be examinable through change in the magnetic 

property of γ  phase. We also report deformation behavior of Ni3(Al,Ti) single crystals composed of  

γ’ matrix and small γ precipitates focusing on change in magnetic property of the precipitates. 

 

2. Experimental procedure 

 

FeAl containing 40at%Al, and Ni3(Al,Ti) containing 18at%Al and 4at%Al single crystals were 

grown by a floating zone method at a rate of 5mm/h in a purified argon gas flow. FeAl crystals were 

annealed at 698K for 100h to eliminate frozen-in vacancies after homogenization at 1373K for 48h. 

Plastic strain (
p
ε∆ ) controlled fatigue tests for specimens with [149]  loading axis were performed in 

a tension-compression mode at room temperature at an average strain rate of 3x10
-4
s
-1
. A stress 

controlled fatigue test was also performed with 300MPa. After the fatigue tests, deformation 
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substructure was observed by a TEM operated at 200kV. Deformation-induced magnetization was 

measured at 77K by a vibrating sample magnetometer (VSM). 

Ni3(Al,Ti) crystals were aged at 1073K to precipitate the disordered γ phase in γ’ matrix after 

homogenization at 1423K for 168h and subsequent solution treatment at 1423 for 24h. Specimens for 

compression or fatigue tests have a [149]  loading axis. Tension-compression fatigue tests were 

performed at total strain amplitude of 0.2% and initial strain rate of 3.0x10
-4
s
-1
. Morphology of γ 

precipitates and dislocation structure were observed using a TEM. Magnetic measurements were 

made by VSM at 77K. To examine temperature dependence of magnetization, samples were cooled 

with or without a magnetic field of 100Oe and the applied magnetic field during the measurement was 

also 100Oe.  

 

3. Results and Discussion 

 

3-1. Magnetic observation of lattice defects and evaluation of fatigue lifetime in FeAl.  

The maximum stress rapidly increased and the specimen fractured after an initial gradual increase 

at 
p
ε∆ =0.025~0.100%. The fatigue lifetime decreased with increase in 

p
ε∆ . According to TEM 

observation, a <111> superlattice dislocation is dissociated into two superpartials bound by an APB 

ribbon at the early stage of fatigue. In the hardly fatigued specimen, APB tubes were observed 

together with numerous dipoles, loops and point defect clusters. APB tubes were annihilated but APB 

ribbons remained after annealing at 573K for 2h. Dislocation density in cyclically deformed 

specimens was measured by counting the number of intersections between dislocations and a square 

mesh. The undeformed FeAl specimen shows paramagnetism but the magnetization curve is not 

straight at low magnetic field because of the appearance of magnetization after deformation. A 

paramagnetic-to-ferromagnetic transition occurs by plastic deformation. The spontaneous 

magnetization (Ms) in deformed samples is obtained by extrapolation of the linear part at higher 

magnetic field back to the zero field. 

  Figure 1 shows change in spontaneous magnetization (Ms) of FeAl single crystals as a function of 

dislocation density ( ρ ) during fatigue and after annealing. Ms increases almost linearly up to 

7x10
13

m
-2
 and then shows an abrupt increase with increasing ρ  . After annealing at 573K for 2h, Ms 

rapidly decreases and shows a linear relation with ρ . Since APB tubes are annihilated by annealing, 

the difference of Ms between an as-deformed sample and an annealed one after deformation is due to 

these tubes. Magnetic properties in Fe-Al ordered alloys are known to depend strongly on their alloy 

composition.  In the composition range between 35 and 50at%Al a paramagnetism is observed, while 

ferromagnetism appears in a composition less than 35at%Al [5]. However, a 

paramagnetic-to-ferromagnetic transition 

occurs even for more than 35at%Al.  

In FeAl ordered alloys with the B2 

structure, Fe-Al bonds exist but there are no 

Fe-Fe and Al-Al bonds at the first nearest 

neighbors. A <111> superlattice dislocation 

is dissociated into two superpartials on {110} 

plane. An APB can be created due to atomic 

displacements by a 1/2<111> superpartial. 

As a result of formation of the APB, Fe-Fe 

bonds are introduced at the first nearest 

neighbors and the Fe-Fe bond chains align 

two dimensionally on the APB as shown in 

Figure 2. Magnetization is due to formation 

 
Fig.1  Variation in spontaneous magnetization of 

fatigued FeAl single crystals and annealed ones 

after fatigue as a function of dislocation density.  
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