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ABSTRACT 

 

Magnetostrictive Fe-Ga and other iron-based alloys are candidates for use in 

sensing, actuation and large-scale energy harvesting applications. Exposure to aqueous 

electrochemical environments is anticipated in some of these applications which could 

potentially introduce hydrogen into the alloy and cause severe ductility reduction due to 

hydrogen embrittlement. These alloys may also be simultaneously exposed to magnetic 

field. This study therefore examines the effect of hydrogen and magnetic field on the 

mechanical behavior of these alloys. This study could also provide an understanding of 

the relationship between hydrogen embrittlement and magnetoelastic behavior in these 

alloys.  

In this work, the effect of hydrogen and magnetic field on the fracture behavior of 

[100]-oriented Fe-17.5 at.% Ga alloy single crystals and polycrystalline Fe-15 at.% Ga 

alloy were examined. Three-point bend tests and tensile tests were used to study the 

fracture behavior. Tests were done in different conditions to understand the effect of 

hydrogen and magnetic field on the fracture behavior of these materials. Hydrogen 

loading was done by in-situ electrochemical charging and magnetic field was applied to 

the samples either by using Nd2Fe14B permanent magnets or by using solenoid coils. 

Before doing the three-point bend test on the Fe-Ga single crystal samples, tests were 

done using high-strength AISI 4340 steel to optimize the testing procedures and 

parameters.  



 iv 

In all cases, the samples tested with hydrogen charging show a drastic reduction 

in ductility and fracture stress values. In the case of [100]-oriented Fe-17.5 at.% Ga alloy 

single crystal samples tested with hydrogen charging, the presence of applied magnetic 

field increased the stress required for fracture and a corresponding increase in bending 

strain values. This is attributed to a decrease of the elastic modulus values on the 

application of magnetic field in this magnetostrictive alloy. The hydrogen embrittlement 

was characterized by a change in fracture surface from a ductile type fracture to a brittle 

cleavage type fracture. Acoustic emission signals collected during the test correspond to 

the fracture behavior.     
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CHAPTER 1 

 

INTRODUCTION 

 

Magnetostrictive materials exhibit reversible strains and changes in elastic 

properties in the presence of an applied magnetic field and the reciprocal effect of 

changes in magnetic properties with the application of stress [1]. Joule magnetostriction 

refers to the phenomenon of changes in linear dimensions on the application of a 

magnetic field.  

Although the phenomenon of magnetostriction was observed by Joule as early as 

1840, the first application of these materials was during the World War II period in 

underwater sonar devices. The earliest magnetostrictive alloys used in engineering 

applications were Ni-based alloys with saturation magnetostriction values in the range of 

-100 x 10
-6 

to 100 x 10
-6

 [2]. Rare-earth elements Tb and Dy exhibit large basal plane 

magnetostriction of about 1 %. But their low ordering temperatures restrict their use to 

cryogenic temperatures. Subsequently, an intense search for magnetostrictive materials 

with high magnetostriction at room temperature led to the discovery of Laves phase 

compound, TbFe2, with a room temperature magnetostriction of about 0.4 % at an applied 

magnetic field of 25 kOe. Partial substitution of Tb with Dy in TbFe2 decreased the 

magnetization anisotropy and therefore hysteresis. At room temperature, minimum 

anisotropy and hysteresis were obtained in Tb0.3Dy0.7Fe2 (Terfenol-D) alloy with a room 



 2 

temperature magnetostriction of about 0.16-0.24 % strain along the [111] crystallographic 

direction at an applied magnetic field of about 2 kOe. The main drawbacks of Terfenol-D 

are the difficulty in obtaining preferred [111] crystallographic orientation and brittleness, 

and its cost.  

Magnetostrictive materials that overcome the limitations of Terfenol-D and offer 

adequate magnetostriction with desired characteristics such as large low-field 

magnetostriction, low cost, high mechanical strength, good ductility, negligible hysteresis 

and higher operating temperatures are of interest for various engineering applications. 

This led to the focus on developing Fe-based binary alloys. Fe-Al and Fe-B alloys have 

long been known for their low field magnetostriction. It was hypothesized by 

Guruswamy et al. [3] that the addition of nonmagnetic Ga to Fe results in dramatic 

increase in the Joule magnetostriction of Fe. Subsequent work on single crystal and 

polycrystalline Fe-Ga alloys confirmed that Ga addition can dramatically increase the 

magnetostriction of Fe [4-16], with magnetostriction values that were about three times 

those observed in the Fe-Al system and ten times those observed in pure iron. Fe-Ga 

alloys have an excellent combination of large low-field magnetostriction, high 

mechanical strength, good ductility, toughness and low associated cost.  

Fe-Ga and other ferrous alloys such as Fe-Al, Fe-Mo and Fe-W that exhibit large 

magnetostrictive behavior at low magnetic fields are candidates for use in sensing, 

actuation and large-scale energy harvesting applications such as that from wind and 

ocean. These magnetostrictive alloys, during their applications, are likely to be exposed 

to aqueous electrochemical environments. This exposure could potentially introduce 

hydrogen into the alloy, with the dissolved hydrogen concentration in the Fe alloy lattice 
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determined by the current density associated with electrochemical process in the aqueous 

environment [17].  

Hydrogen present even in few parts per million is sufficient to embrittle steels and 

Fe alloys at room temperature [18]. Embrittlement, either ductile or brittle, can be 

described as a condition which decreases the toughness of the material or increases the 

ease of crack growth. Hydrogen embrittlement in Fe-based alloys has been studied by 

many workers during the past few decades and various mechanisms have been proposed 

[19-27]. The effect of hydrogen on the mechanical properties is dependent on different 

conditions such as the type of loading, metallurgical structure, impurity level, strength 

level, load level, strain rate, type of charging and charging current density [28]. The 

hydrogen embrittlement is more pronounced at room temperature, at lower strain rate and 

is more severe in the regions of maximum triaxiality like a void or notch [20].  

In most cases, hydrogen exposure is through an electrochemical process in 

aqueous corroding environments and in many of these environments, the alloy 

components are also prone to be exposed simultaneously to electrically induced magnetic 

fields, which are also believed to affect the hydrogen embrittlement susceptibility of 

these alloys. Therefore, it is also important to study the effect of magnetic field on the 

hydrogen embrittlement susceptibility.  

Magnetization is believed to affect the hydrogen embrittlement susceptibility of 

iron and its alloys. A strong applied magnetic field near saturation can affect the domain 

structure and therefore could change the interstitial-dislocation interaction [29, 30], which 

affects the mechanical properties of the alloys. Magnetization is also reported to affect 

the hydrogen absorption reaction and thereby, it affects the hydrogen embrittlement 
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behavior [31, 32]. The influence of magnetic field on the mechanical behavior of 

ferromagnetic alloys such as Fe and steel containing hydrogen has been examined in the 

past. Such studies on Fe-Ga alloys is of particular interest, as these Fe-Ga alloys would 

experience significant changes in internal strains due to magnetostriction and changes in 

elastic modulus in addition to changes in magnetization with the application of magnetic 

field.  

Plastic deformation and fracture of solid materials is accompanied by spontaneous 

emission of elastic waves, leading to low-amplitude acoustic emission signals [33-36]. 

Acoustic emission generated during fracture of materials contains potential information 

about the fracture onset and propagation [37]. Elastic energy released during crack 

initiation and propagation can be detected and recorded using acoustic emission 

measurements. Onset of deformation of material and failure can be detected by acoustic 

emission. Detection and analysis of acoustic emission signals during the fracture of 

hydrogen charged Fe-Ga alloy specimens under mechanical loading could provide a 

correlation between acoustic emission activity and the embrittlement process. Therefore, 

acoustic emission analysis may be used as a supplementary tool in understanding the 

failure mechanisms associated with hydrogen embrittlement [38-40]. 

In this work, the effect of hydrogen and magnetic field on the mechanical 

behavior of magnetostrictive Fe-17.5 at.% Ga alloy single crystal were examined using 

three-point bend tests. The use of single crystal samples in this work minimizes the 

number of material variables and therefore makes it easier to examine the influence of 

hydrogen and magnetic field. The use of single crystal samples also allows a better higher 

bound estimate for cleavage stress in these Fe-based alloys. Due to the difficulty in 
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obtaining single crystals of reasonable size, limited three-point bend tests were carried 

out on single crystal samples. In order to optimize the three-point bend testing procedures 

and parameters, high-strength AISI 4340 steel, a material that is well characterized for its 

hydrogen embrittlement susceptibility, was used. Hydrogen was introduced into the alloy 

by in-situ cathodic charging in an aqueous H2SO4 electrolyte. The magnetic field was 

applied using Nd2Fe14B permanent magnets attached to the sample or by using a solenoid 

coil. The fracture surfaces were examined using a scanning electron microscope. The 

acoustic emission signals were collected continuously during the bend test to examine the 

relative magnitudes of energy release during fracture onset and propagation. Saturation 

magnetization and magnetostrictive strain values of the Fe-17.5 at.% Ga alloy were also 

determined. Tensile tests were used to study the hydrogen embrittlement behavior in 

polycrystalline magnetostrictive Fe-15 at.% Ga alloys and in this case, the magnetic field 

was applied using a solenoid coil.   

 



 

 

CHAPTER 2 

 

BACKGROUND 

 

This chapter will present a brief theoretical background on various aspects of 

magnetism, magnetostriction, hydrogen embrittlement and acoustic emission 

measurement techniques. 

 

2.1 Basic Terms in Magnetism 

2.1.1 Magnetic Field Strength / Intensity (H) 

The externally applied magnetic field is referred to as the magnetic field strength 

or field intensity. If the magnetic field (H) is generated by means of a cylindrical solenoid 

coil, with number of turns N, length l and carrying a current of magnitude I, then  

 

H = N I / l     (2.1) 

 

The SI unit of field strength is A/m and the CGS unit is Oe [1]. 

 

2.1.2 Magnetic Moment (m) 

Considering a magnet of pole strength + p and – p separated by length l, the 

magnetic moment can be expressed as,  
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m = p l      (2.2) 

 

The SI unit for magnetic moment is Am
2
. Magnetic moment can also be defined 

as the maximum torque experienced by the magnet when placed in a unit external 

magnetic field. Hence, the CGS unit of magnetic moment is erg/oe or emu 

(electromagnetic unit of magnetic moment). 

 

2.1.3 Magnetization (M) 

The magnetization or intensity of magnetization can be defined as the magnetic 

moment (m) per unit volume (v) of the material. 

 

M = m / v     (2.3) 

 

It is sometimes convenient to refer to the value of magnetization in terms of unit 

mass (w) rather than unit volume (v), and in this case, it is termed as specific 

magnetization (σ). 

 

σ = m / w     (2.4)  

 

The SI unit of magnetization is A/m and CGS unit is emu/cm
3 

(emu/g in case of 

specific magnetization).
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2.1.4 Magnetic Induction / Magnetic Flux Density (B) 

Magnetic induction or magnetic flux density represents the magnitude of the 

internal field strength within a substance that is subjected to an applied magnetic field 

(H). The SI unit for magnetic induction is Wb/m
2
 (webers per square meter) or T (Tesla) 

and the CGS unit is G (Gauss) [41].  

 

2.1.5 Magnetic Permeability (µ) 

Ratio of magnetic induction (B) to applied magnetic field (H) is termed magnetic 

permeability. It is the property of the specific medium though which the magnetic field 

(H) passes and in which the magnetic induction (B) is measured.  

    

µ = B / H     (2.5) 

 

The SI unit of permeability is Wb/Am (webers per ampere meter) or H/m (henries 

per meter) and it has no units in the CGS system. The permeability of a vacuum is a 

universal constant that has a value of 4π x 10
-7

 H/m. 

 

2.1.6 Magnetic Susceptibility (χm) 

Ratio of magnetization (M) to applied magnetic field (H) is termed magnetic 

susceptibility (χm). It is a dimensionless quantity and has no units. 

 

      χm = M / H     (2.6) 
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2.2 Magnetization Curve and Hysteresis Loop 

Magnetic materials can be classified as magnetically soft or hard based on their 

magnetization behavior. Materials exhibiting low coercivity values (small hysteresis) are 

said to be magnetically soft, whereas materials with high coercivity (large hysteresis) are 

said to be magnetically hard [1]. The nature of a magnetization curve also depends on the 

physical condition of the material, and is affected by plastic deformation and thermal 

treatments. 

Figure 2.1 shows a typical magnetization curve of a ferromagnetic material, with 

change in magnetization (M) as a function of applied magnetic field (H). Application of 

magnetic field to a material in a demagnetized state results in a rapid initial increase in 

magnetization followed by a gradual increase. As the applied field increases, the 

magnetization reaches a maximum at a certain magnetic field and remains constant with 

further increase of magnetic field. This magnetization value is termed saturation 

magnetization (Ms). On reducing the magnetic field, the magnetization value is seen to 

decrease, but does not follow the same path. When the magnetic field is reversed to zero, 

the corresponding magnetization value does not reach zero and this value of 

magnetization on the removal of the field is termed as remanence (Mr). To remove this 

remanent magnetization, the magnetic field is applied in the opposite direction. The 

magnetic field that is required to bring the magnetization to zero is termed as intrinsic 

coercivity (Hci). As the field in the opposite direction is increased, at a certain magnetic 

field, the magnetization reaches negative saturation. On reversing the magnetic field, the 

magnetization follows the curve with negative remanence, zero magnetization and finally 

reaches the positive saturation magnetization, completing the hysteresis loop.      
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Figure 2.1 A typical hysteresis curve showing magnetization versus applied magnetic 

field. 
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2.3 Magnetic Anisotropy 

One factor that affects the shape of the hysteresis loop is the magnetic anisotropy, 

which refers to the dependence of the magnetic properties of a material on the direction 

in which they are measured. The main types of magnetic anisotropy are: (i) 

magnetocrystalline anisotropy, (ii) shape anisotropy and (iii) stress anisotropy.  

It is easier to magnetize a single crystal in a particular crystallographic orientation 

than in others. This property of easy magnetization in a particular crystallographic 

direction in a single crystal is called magnetocrystalline anisotropy. The direction of easy 

magnetization of a crystal is the direction of spontaneous domain magnetization in the 

demagnetized state [1]. For example, in the case of an iron single crystal, <100> is the 

easy magnetization direction, and therefore, the domains of iron in a demagnetized state, 

below Curie temperature, are spontaneously magnetized to saturation in <100> 

directions, as shown schematically in Figure 2.2 (a). On applying the magnetic field (H) 

in [100] direction, the [100]-oriented domains will grow in volume by the mechanism of 

domain-wall motion (Figure 2.2 (b)). At saturation, there is only one single domain 

oriented in [100] direction (Figure 2.2 (c)).   

There is no net crystal anisotropy in the case of a polycrystalline material with 

random grain orientation. If the material is spherical, irrespective of the direction, it can 

be uniformly magnetized with the same applied magnetic field [1]. But if the material is 

nonspherical, it is easier to magnetize it along the longer axis than along the shorter axis. 

This is referred to as shape anisotropy. The reason for this is the demagnetizing field 

which is stronger along the shorter axis than along the longer axis.  

 The applied mechanical stress in a material can alter the magnetic domain 
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Figure 2.2 A schematic of domain structure in a single crystal of iron; magnetic field 

applied along [100] direction (adapted from reference [1]). 
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structure, and so it is another major source of anisotropy. This stress anisotropy is related 

to the phenomenon of magnetostriction [42]. 

 

2.4 Magnetostriction 

It was observed by English physicist James Prescott Joule as early as 1842 that an 

iron rod when magnetized lengthwise increased in length. Change in the dimension of a 

material body on application of magnetic field is termed as magnetostriction [1, 2, 43]. 

This magnetostrictive strain is given as a fractional change in length (∆l/l) and is denoted 

by the symbol λ, to differentiate it from the strain (ε) caused by application of stress. The 

λ value measured at magnetic saturation is termed as saturation magnetostriction (λs) and 

magnetostriction in general, if not mentioned specifically, is a term used to denote 

saturation magnetostriction.  

There are two aspects to magnetostriction. The first is the anisotropic part which 

causes anisotropic change in dimension, such as a change in length, and this is termed 

Joule magnetostriction. A schematic diagram of Joule magnetostriction is shown in 

Figure 2.3 (a). The second aspect is the isotropic part which causes a change in volume of 

the material and is termed volume magnetostriction.  

Although every material exhibits a magnetostrictive response, the λs is usually 

very small even in strong ferromagnetic materials and typically on the order of 10
-5

. In 

weakly magnetic materials, this effect is even smaller, by about two orders of magnitude 

and can be observed only in very strong magnetic fields. The value of λs can be positive, 

negative or, in some alloys, zero at certain temperatures. The value of λ varies with 

magnetization which depends on applied magnetic field (H). Figure 2.3 (b) shows a 
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(a) 

 

(b) 

 

Figure 2.3  Joule magnetostriction phenomenon: (a) schematic; (b) typical 

magnetostriction plot showing magnetostrictive strain versus applied 

magnetic field. 
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typical magnetostriction plot showing magnetostrictive strain versus applied magnetic 

field [42]. The process of magnetization occurs by two mechanisms, domain wall motion 

and domain rotation. The domain rotation contributes to most of the Joule 

magnetostriction. This increase in linear dimension is accompanied by a transverse 

magnetostriction (λt) which causes reduction of transverse dimension in opposite sign 

given by the equation,     

 

λt = -1/2 λ     (2.7) 

 

2.4.1 Physical Origin of Magnetostriction 

The phenomenon of magnetostriction is due to a coupling between the spin and 

the orbital motion of the electrons in the material [1]. Above the Curie temperature (Tc), 

the net magnetic moment of each atom is randomly oriented and is in a paramagnetic 

state, as shown in the topmost row of Figure 2.4.  Now, considering the spin-orbit 

coupling to be very strong, just below Tc, the magnetic moments are spontaneously 

oriented in the direction of crystal anisotropy. This leads to a spontaneous 

magnetostrictive strain within each domain. The net moments are randomly oriented and 

the contribution of the magnetostrictive strain in each domain to the total strain in the 

material body is given as ∆L’/L’. On applying a strong magnetic field, the moments of 

the various domains rotate towards the applied field direction, or the domains favorably 

oriented towards the field grow at the expense of other domains by the movement of 

domain walls.  The magnetostrictive strain along the length direction is given as ∆L/L. 
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Figure 2.4  Mechanism of magnetostriction. 

 

 

 

 

 



 17 

2.4.2 Magnetostriction Measurement Techniques  

The magnetostrictive strains can be as small as 10
-9 

and as large as 2x10
-3

. Small 

strains can only be measured by adequate magnification by mechanical, electrical or 

optical devices. Early Joule magnetostriction measurements were carried out using 

optical devices to magnify the magnetostrictive strain to an observable magnitude. 

Electrical methods were later developed, and the most widely used among the electrical 

methods is the strain gage method that was developed by Goldman in 1947 [44].  More 

accurate and sensitive methods have been developed over the years. Table 2.1 

summarizes the various methods used for measuring magnetostriction coefficients with 

sample capability, their sensitivity and the temperature range of use [2]. 

In the strain gage method, precision electrical-resistance strain gage is used. This 

strain gage is made from an alloy wire or foil grid, embedded in a thin paper or polymer 

sheet, and is cemented to the sample. When the sample dimension changes, the grid of 

the strain gage attached to it is also strained and this causes a change in electrical 

resistance of the gage. The resistance of the gage is calibrated for the strain 

measurements. Due to small changes in resistance values, the measurements are carried 

out in a bridge circuit. The strain gages are cemented to the sample using special 

adhesives that secure a perfect contact between the sample and the resistance elements. 

The strain gage method is one of the most widely used methods for 

magnetostriction measurement because of the following advantages. First, it is one of the 

cheapest methods and can be used for measuring moderate to large magnetostriction 

(above 10
-6

, sensitivity is typically 10
-7

) [43]. The sample preparation is simple compared 

to other methods. Another advantage is that it is possible to attach multiple strain gauges 
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Table 2.1 

Comparison of various methods used for magnetostriction coefficient measurements  

[2, 43]. 

Method Samples Ultimate 

sensitivity 

Temperature range  

(remarks) 

Strain gage 

extensometer 

Bulk, ribbon 10
-7

 4.2 – 700 K 

(caution: magnetoresistance) 

Three-terminal 

capacitance 

Bulk, ribbon 10
-9

 0 – 400 K 

(with a lower sensitivity above 20 K) 

Optical 

interferometer 

Bulk, ribbon, 

wire 

10
-8

 4.2 – 300 K 

(sample preparation is delicate) 

X-ray 

diffractometer 

Bulk, ribbon, 

wire, thin film 

10
-5

 1.5 – 400 K 

Wiedemann effect Bulk, ribbon, 

wire 

10
-10

 1.5 – 400 K  

(sensitivity 10
-13 

is possible in a 

dynamic regime) 

Tube type 

dilatometer 

Bulk, ribbon 10
-8

 1.5 – 1000 k 

(fragile) 

Cantilever Thin film 10
-7

 1.6 – 400 K 
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on the sample to simultaneously measure longitudinal and transverse magnetostrictive 

strain values.   

 

2.4.3 Magnetostriction Coefficient Measurement in  

Cubic Single Crystals 

The magnetostriction coefficient, (3/2) λ100, is an important material property and 

is an important parameter in various magneto-elastic equations. A single crystal sample 

with desired orientation is used for this measurement. A strain gage is cemented to one of 

the flat (001) faces of the oriented single crystal sample along the [100] direction, as 

shown in Figure 2.5 (a). The first measurement is done by magnetizing the sample along 

the [100] direction, and the magnetostrictive strain is measured along the same [100] 

direction (Figure 2.5 (b)). The second measurement is done by magnetizing the sample 

along the [010] direction, and the magnetostrictive strain is measured along the [100] 

direction (Figure 2.5 (c)). The difference between these two measurements gives the (3/2) 

λ100 value. The quantity so measured has a value independent of the nature of the 

demagnetized state of the specimen [1, 43].    

 

2.5 Magnetomechanical Effect 

There is a close connection between the magnetostriction of a material and its 

magnetic behavior under stress. The effect of stress on magnetization is called inverse 

magnetostrictive effect or magnetomechanical effect [1]. A material with positive 

magnetostriction will elongate when magnetized, and an applied tensile stress which 

elongates the material tends to increase the magnetization. In case of materials with  
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Figure 2.5  Magnetostriction coefficient measurement: (a) schematic of strain gage 

attached to (100) face of the sample along [100] direction; (b) magnetizing 

the sample along [100] direction and the magnetostrictive strain measured 

along the same [100] direction; (c) magnetizing the sample along [010] 

direction and the magnetostrictive strain measured along the [100] 

direction. 
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negative magnetostriction, this effect is reversed. 

Figure 2.6 can be used to explain the reason as to why it is easy to magnetize a 

material with positive magnetostriction when stressed in tension. Let Figure 2.6 (a) 

represent a small portion of the material, comprising four domains, as shown 

schematically. The application of a small tensile stress to the demagnetized specimen 

(Figure 2.6 (b)) will cause domain walls to move in such a way as to decrease the volume 

of domains magnetized at right angles to the stress axis, because such domains have high 

magnetoelastic energy (Eme). These domains are completely eliminated by a higher value 

of stress (Figure 2.6 (c)) and Eme is now a minimum. The domain structure is now 

identical to that of a uniaxial crystal. Only a small applied magnetic field is now required 

to saturate the material, because transition from Figure 2.6 (c) to Figure 2.6 (d) can be 

accomplished by an easy 180° wall motion. 

The same material (with positive magnetostriction) under compressive stress 

(Figure 2.7) is difficult to magnetize. This is due to the domain moment orientation in 

this case (Figure 2.7 (c)) being perpendicular to the stress direction, and so energy equal 

to the magnetoelastic energy, in the form of magnetic field, is needed to rotate the 

domain by 90° towards the field direction (Figure 2.7 (d)). Therefore, this makes it 

difficult to magnetize a material with positive magnetostriction under compressive 

stresses.  

All the stresses mentioned here are well below the yield stress, beyond which the 

material undergoes a permanent change in dimensions and various magnetic properties 

will be affected. 
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Figure 2.6  A schematic of magnetization of a material with positive magnetostriction 

under tensile stress (adapted from Reference [1]). 
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Figure 2.7  A schematic of magnetization of a material with positive magnetostriction 

under compressive stress (adapted from Reference [1]). 
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2.6 Magnetostrictive Materials 

As mentioned earlier, magnetostrictive materials exhibit reversible strains and 

change in the elastic properties in the presence of applied magnetic field, or reciprocal 

effect of changes in magnetic properties with the application of stresses [1,2]. 

Magnetostrictive materials exhibit an inherent coupling between their mechanical and 

magnetic states, thereby making use of their direct effect in case of actuators or indirect 

effect in case of sensors [45]. Magnetostrictive materials are magnetic analogs to 

piezoelectric materials and exhibit a large displacement per single element. They can 

deliver large force and power, and can operate over a broad range of frequency. Materials 

that exhibit large Joule magnetostriction are of great interest in various applications like 

acoustic sensors and generators, underwater sonar devices, linear motors and actuators, 

positioning devices, mechanical vibration damping devices and torque sensors such as in 

antilock braking systems. 

Although the phenomenon of magnetostriction was observed by Joule as early as 

in 1840s, the first application of this phenomenon was during World War II when pure Ni 

exhibiting magnetostrictive strain of about -77 x 10
-6 

along [001]
 
was used in underwater 

sonar generators [2]. At room temperature, a single crystal of pure iron exhibits a 

magnetostrictive strain of about 20 ppm in [100] direction [46]. The earliest 

magnetostrictive alloys used in engineering applications were Ni-based alloys such as Ni-

Fe, Ni-V, Ni-Cr, Ni-Mn, Ni-Co and Ni-Cu with saturation magnetostriction values 

ranging from -100 x 10
-6 

to 100 x 10
-6

. 
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2.6.1 Rare-Earth-Based Magnetostrictive Materials 

Later in the 1960s, it was discovered that rare-earth elements like Tb and Dy 

exhibit a large-basal plane magnetostrictive strain of about 1 % at cryogenic 

temperatures.  They have a low Curie temperature of -53 °C and -184 °C, respectively. 

Their low ordering temperatures restrict their use to cryogenic temperatures. The search 

for magnetostrictive materials with large magnetostriction at room temperature led to 

discovery of rare-earth-based Laves phase compound, (RE)-Fe2, which had a large room 

temperature magnetostriction. The TbFe2 alloy has a room temperature magnetostriction 

of about 4000 ppm at an applied magnetic field of 25 kOe and DyFe2 has a 

magnetostriction value of 1890 ppm in the [111] direction [2, 46]. However, achieving 

these values requires a very large magnetic field because of their large magnetization 

anisotropy and magnetostriction anisotropy. 

Optimal alloying of TbFe2 and DyFe2 minimizes magnetization anisotropy and 

therefore hysteresis. The optimal composition varies with temperature. At room 

temperature, the minimum in anisotropy and hysteresis is achieved for Tb0.3Dy0.7Fe2 

(Terfenol-D) alloy. Room temperature magnetostriction observed in this alloy is about 

0.16-0.24 % strain along the [111] crystallographic direction but the applied field was 

less than about 2 kOe. This value is still high, requiring substantial cooling of the field 

applying coils. One of the major drawbacks of Terfenol-D is the difficulty in obtaining 

preferred [111] crystallographic orientation, as the natural crystal growth direction is 

[112] and this reduces the magnetostriction values. The other limitations of this alloy are 

that it is brittle, has low Young’s modulus and low tensile strength. This requires that the 

material is always kept under compressive stress, which is a constraint in component 
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design. In addition, the high temperature sensitivity and high field needed makes it 

necessary to have an elaborate cooling system. Moreover, it is expensive due to the 

presence of rare-earth elements in this alloy. So non-rare-earth-based alloys which can 

overcome the limitations of Terfenol-D were desired for widespread applications. 

 

2.6.2 Non-Rare-Earth-Based Magnetostrictive Materials 

Magnetostrictive materials that overcome the limitations of Terfenol-D and offer 

adequate magnetostriction with desired characteristics such as large low-field 

magnetostriction, low cost, high mechanical strength, good ductility, negligible hysteresis 

and higher operating temperatures were of interest. This led to the development of Fe-

based binary alloys. Fe-Al and Fe-Be alloys have long been known for their low field 

magnetostriction. Fe-Be alloy single crystals with 11.3 at.% Be content is reported to 

have a magnetostrictive strain of about 110 ppm along [100] directions [47]. Fe-Al alloy 

single crystals with 19.2 at.% Al are reported to have a magnetostrictive strain of about 

94 ppm in the [100] direction [48]. 

 

2.6.2.1 Iron-Gallium Alloys 

It was hypothesized by Guruswamy et al. [3, 11] that the addition of non-

magnetic Ga to Fe results in a dramatic increase in the magnetostriction of Fe. 

Subsequent work on single crystal and polycrystalline Fe-Ga alloys confirmed that Ga 

addition can dramatically increase the magnetostriction of Fe [4-8, 14], with a 

magnetostriction value observed to be about three times that of the Fe-Al system and ten 

times that observed in pure iron. Fe-Ga alloys have several advantages: they are cheaper 
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because of the use of less expensive non-rare-earth elements and use of conventional 

processing techniques they have high strength and ductility and they have negligible 

hysteresis and require lower saturation magnetic fields. These characteristics make this 

alloy system attractive for numerous energy conversion applications.  

Figure 2.8 shows the Fe-rich portion of the Fe-Ga phase diagram and Table 2.2 

gives the stable phases present in the Fe-Ga alloy over different temperature and 

composition ranges. Fe-Ga alloys can exist as single-phase terminal solid solutions with 

A2 structure for Ga contents as high as 36 at.% at 1037 °C and 11 at.% at room 

temperature. At Ga contents greater than 20 at.%, the A2 terminal solid solution phase 

can change to different ordered phases like α’, α’’, α’’’, β-Fe3Ga and α-Fe3Ga. 

Ever since the invention of large magnetostriction in Fe-Ga alloys, considerable 

research has been carried out on various aspects of Fe-Ga alloys. This includes studies to 

understand the effect of: (i) Ga content [4, 15, 16, 49], (ii) substitution of Ga with other 

alloying elements [7, 8, 12, 50], (iii) thermal history [13, 49], and (iv) ordering on the 

magnetostriction of Fe-Ga alloys [5-8, 10, 13]. Mechanical properties of Fe-Ga alloys are 

also widely examined to understand the behavior and challenges of these materials under 

different loading conditions [45, 51-55].  

Knowing the integrity of Fe-Ga alloys subjected to various environments is 

necessary to determine the performance of the material. Earlier studies of corrosion 

behavior on Fe-Ga alloys show that these alloys have good corrosion resistance [9, 10] 

and the magnetostriction affects the corrosion behavior of these alloys. There are only 

very few studies examining the effect of hydrogen on the properties of magnetostrictive 

materials. One such work by Sachdeva et al. [56] on the effect of hydrogen on corrosion 
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Figure 2.8  Iron rich portion of the Iron-Gallium phase diagram (adapted from 

reference [57]). 
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Table 2.2 

Phases in Fe-rich portion of the Fe-Ga phase diagram [57]. 

Phase 

Composition 

at.% Ga 

Strukturbericht 

designation 

Pearson 

symbol 

Space 

group 

γ Fe 0 to 2.8 A1 cF4 Fm3m 

α Fe 0 to 36 A2 cI2 Im3m 

α' 31.5 to 47.5 B2 cP2 Pm3m 

α’’ 22.8 to 32.1 … cF16 Fm3m 

α’’’ 22.8 to 25.9 D03 cF16 Gm3m 

βFe3Ga 26 to 29 D019 hP8 P63/mmc 

αFe3Ga 26.2 to 29.2 L12 cP4 Pm3m 
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of Terfenol-D alloy is reported. The presence of hydrogen in Terfenol-D is reported to 

have a drastic decrease in the corrosion resistance and cause hydrogen embrittlement due 

to a hydride formation mechanism. The present work will be the first study reporting the 

results of hydrogen embrittlement behavior of magnetostrictive Fe-Ga alloys. 

 

2.7 Hydrogen Embrittlement 

Hydrogen interaction with materials leads to hydrogen embrittlement problems 

and is of high importance in the use of materials in diverse engineering applications. It 

was first reported by W. H. Johnson [58] in 1875 that the presence of hydrogen affects 

ductility and fracture stress of iron and steel. Since then, extensive research on hydrogen 

embrittlement of metals has been carried out. Hydrogen present even in few parts per 

million is sufficient to embrittle steels and iron alloys at room temperature [18].  

Embrittlement can be described as a condition which decreases the toughness of the 

material or increases the ease of crack growth. The effect of hydrogen on the mechanical 

properties is dependent on different conditions such as the type of loading, metallurgical 

structure, impurity level, strength level, load level, strain rate, type of charging, charging 

current density, etc. [28].  

  

2.8 Hydrogen Embrittlement Mechanisms 

Systematic studies of hydrogen embrittlement have been widely carried out by 

many researchers, and various mechanisms have been proposed. There is no one single 

mechanism that explains all the hydrogen degradation phenomena and the overall process 

may include more than one of the mechanisms or all could contribute in some special 
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cases. It is also possible in some cases for one mechanism to dominate initially, but as 

conditions change, the dominant mechanism also changes. A brief explanation of the 

various prominent hydrogen embrittlement mechanisms proposed and developed over the 

past several decades is given here. 

 

2.8.1 The Pressure Theory 

The planar pressure theory is one of the earliest hydrogen embrittlement theories 

that was advanced by Zappfe and Sims in 1941 [19]. According to this theory, the 

hydrogen present in the material builds up a very high pressure at voids and other defects. 

This hydrogen pressure buildup aids in the fracture process. Although this theory was 

considered important to explain the blistering of steels in the presence of hydrogen, it 

cannot by itself explain hydrogen embrittlement in the case of high-strength steels where 

fracture occurs in steel in equilibrium with hydrogen at very low pressures. It is difficult 

to explain by this theory how significant internal pressure can be generated by hydrogen 

entering from a low external pressure. 

 

2.8.2. Decohesion Theories 

The hydrogen enhanced decohesion (HEDE) mechanism was first developed by 

Troiano et al. [20, 21] and further advanced by Oriani et al. [22]. According to this 

theory, the hydrogen dissolved in the metal lattice lowers the cohesive bonding strength 

of the metal or alloy, and results in fracture at a much lower stress than in the absence of 

hydrogen. The amount of hydrogen present in the metal lattice is generally very low, and 

so it is necessary for some method to exist by which the hydrogen can concentrate at the 
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fracture site. In case of fracture along a phase or grain boundary, the hydrogen 

concentration can occur due to hydrogen trapping at the second phase or at the grain 

boundaries. In case of transgranular cracking, the hydrogen concentration enhancement 

that occurs is attributed to the presence of triaxial stresses at the crack tip. 

HEDE is considered as a dominant mechanism in the cases of internal hydrogen 

assisted cracking and hydrogen environment assisted cracking in high-strength alloys that 

do not form hydrides.   

 

2.8.3 Surface Energy Theories 

 Surface energy theories were first proposed by Petch and Stables [23]. According 

to these theories, the hydrogen adsorbed at the crack tip and surface imperfections results 

in a reduction of surface energy. By lowering the surface energy of the newly formed 

cracks, the hydrogen reduces the stress intensity required for brittle fracture. Similar to 

the decohesion theory, the surface energy theory also seems reasonable only in the case 

of hydrogen derived from surface layers or grain boundaries. This is because hydrogen 

adsorption must occur at the same time as the fracture event in order for the reduction in 

surface energy to be effective in lowering the energy required for fracture.  

 

2.8.4 Hydride Formation 

The nucleation and growth of hydrogen-rich phases like the hydrides is the main 

cause of embrittlement in elements like Ti, V, Nb and Zr. This was first postulated by 

Gahr et al. [24] as a mechanism of hydrogen embrittlement in niobium. This stress-

induced hydride formation and cleavage mechanism is one of the well-established 
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hydrogen embrittlement mechanisms with extensive experimental support [17]. Hydrides 

have mechanically different properties than the matrix, and so the crack nucleation and 

propagation occur preferentially along these brittle phases leading to embrittlement. It has 

been widely accepted that a hydride is not formed, or at least it is unstable, in the case of 

iron, carbon steels and low alloy steels. The absence of hydride formation can be 

attributed to the extremely low solubility of hydrogen in iron and steels unlike the case of 

hydride forming elements like Ti, V, Nb and Zr. 

 

2.8.5 Localized Plasticity Theories 

Various workers have suggested that hydrogen reduces the stress required for 

dislocation motion.  The hydrogen enhanced localized plasticity (HELP) mechanism was 

first proposed by Beachem [25] and developed by Birnbaum et al. [26, 27]. This model 

explains softening in microscale caused by enhanced dislocation mobility in the presence 

of hydrogen. This is supported by enhanced dislocation motion with direct experimental 

observation of active in-situ experiments in a controlled-environment transmission 

electron microscope [17]. Presence of hydrogen in the lattice aids dislocation motion and 

locally reduces the flow stress, causing localized plastic deformation sufficient to result 

in subcritical crack growth with brittle characteristics on the macroscopic scale.   

Of the various theories explained above, the decohesion theory appears to give a 

satisfactory explanation of the more common case of intergranular hydrogen 

embrittlement. Transgranular hydrogen embrittlement is difficult to explain with this 

theory because of relatively low hydrogen concentration of the matrix, but can be 
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supported by consideration of factors like hydrogen transport by dislocation and 

concentration of hydrogen at regions of high triaxial stresses.   

 

2.9 Hydrogen Entry 

Entry of hydrogen into the metal lattice is the first step in the hydrogen 

embrittlement process. The hydrogen entry is a complicated process and difficult to 

explain by a single mechanism or model. It depends on various material and experimental 

parameters. The form in which hydrogen diffuses into the lattice, i.e. whether in the form 

of monoatomic hydrogen, H
+
 or H

-
, is a point of discussion in literature.  

Hydrogen can be introduced into metals and alloys in certain environments, and 

there are numerous ways for hydrogen to enter metals. Among these is electrolytic 

decomposition of hydrogen on metal electrodes. The electrolytic process is a very 

efficient way of introducing hydrogen since it can sustain a high equivalent pressure of 

hydrogen gas at the metal surface. The electrochemical evolution of atomic hydrogen 

takes place as a part of the cathodic reaction in an electrolytic cell. Before explaining the 

details of hydrogen evolution and entry in an aqueous electrolyte, a brief description of 

hydrogen entry from a gaseous phase is given.  

 

2.9.1 Hydrogen Entry into Iron Alloys from a Gaseous Phase 

The hydrogen entry into the metal lattice from a gaseous phase can be explained 

in terms of three major steps: physisorption, chemisorption and absorption [17]. This is 

shown in Figure 2.9. The first step is physisorption (Figure 2.9 (a)), which involves the 

physical adsorption of gaseous hydrogen (or other gases such as hydrogen sulfide) onto    
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 (b)      Chemisorption 

 

 

 

 

 (c)      Absorption 

 

 

 

Figure 2.9  A schematic of hydrogen entry into metal lattice from a gaseous 

phase. 
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the surface and is the result of Van der Waals forces between the surface and the 

adsorbent. The next step is chemisorption (Figure 2.9 (b)), which involves the chemical 

reaction between the surface atoms and the adsorbed hydrogen molecule. During this 

step, molecular hydrogen dissociates to form hydrogen atoms. The final absorption step 

(Figure 2.9 (c)) involves the diffusion of the so-formed monoatomic hydrogen into the 

metal lattice.  

 

2.9.2 Hydrogen Entry into Iron Alloys from a Liquid Phase 

In most of the engineering applications, it is more feasible for the hydrogen to 

enter the metal lattice from an aqueous environment. A common way for the hydrogen to 

enter the metal lattice is through an electrolytic process, in which the hydrogen evolution 

and hydrogen absorption reactions occur at the cathode surface. The metal-electrolyte 

interface (Figure 2.10) is much more complicated than the metal-gas interface, due to the 

presence of a dense network of water dipoles in the electrolyte and due to competitive 

adsorption of various species on the metal surface [17]. This becomes even more 

complicated in the presence of a crack or pit where the conditions are localized, leading 

to inhomogeneous corrosion occurring at these regions and causing localized hydrogen 

evolution. 

 

2.9.2.1 Mechanism of Cathodic Hydrogen Evolution from  

Aqueous Electrolytes 

Depending upon the nature of the electrolyte, whether acidic or alkaline, the 

overall hydrogen evolution reaction (HER) can be written as: 
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Figure 2.10 A schematic of a metal-electrolyte interface with water dipoles and 

ions adsorbed on the metal surface (adapted from reference [17]). 
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2H3O
+
 + 2e

- 
→ H2 + 2H2O (in acid solutions)   (2.8) 

 

 2H2O + 2e
- 
→ H2 + OH

- 
(in alkaline solutions)   (2.9)  

 

These reactions are known to proceed in two successive steps [17]. The first step 

involves formation of monoatomic hydrogen which is adsorbed on the metal surface.  

This can either form by discharge of hydrated protons, as in the case of acid solutions: 

 

H3O
+
 + M + e

-
 → MHads + H2O     (2.10) 

 

or by electrolysis of water, as in the case of alkaline solutions: 

 

H2O + M + e
-
 → MHads + OH

-     
(2.11) 

 

where, MHads represents hydrogen atoms adsorbed on the metal surface.  

The next step in the HER is the formation of a hydrogen molecule (H2) that 

evolves as hydrogen gas at the cathode surface. This reaction is dependant on the nature 

of the electrode metal and on the cathodic current density. Two of the monoatomic 

hydrogen atoms adsorbed on the metal surface can combine by chemical desorption (also 

called catalytic recombination) to form molecular hydrogen, which can occur in both acid 

and alkaline solutions: 

 

MHads + MHads → H2 + 2M      (2.12) 
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or this can occur by electrochemical desorption, in which the adsorbed monoatomic 

hydrogen reacts with the hydrated proton in the electrolyte to form molecular hydrogen: 

 

MHads + H3O
+ 

+ e
- 
→ H2 + H2O + M (in acid solutions)  (2.13) 

 

MHads + H2O
 
+ e

- 
→ H2 + OH

-
 + M (in alkaline solutions)  (2.14) 

 

2.9.2.2 Entry of Electrolytic Hydrogen into Metals 

Most of the monoatomic hydrogen formed combines by chemical or 

electrochemical desorption to form gaseous hydrogen. A small portion of this 

monoatomic hydrogen enters the metal lattice. The rate of hydrogen absorption reaction 

(HAR) depends on a number of variables such as the nature of the metal or alloy, its 

composition and microstructure, surface conditions, electrolyte composition, charging 

current density, temperature, pressure, etc. The kinetics of hydrogen entry is studied by 

permeation of electrolytic hydrogen through a thin metal membrane, and a number of 

very sensitive electrochemical methods [59] have been developed to measure this 

precisely.  

Two models of hydrogen absorption reaction are reported in the literature [60-62]. 

The first model proposed by Bockris et al. [60] suggests that the HAR is dependent on 

the HER. According to this mechanism, the adsorbed hydrogen gets absorbed into the 

metal lattice (Figure 2.11 (a)). Based on this model, the sequence of reactions occurring 

(in acid) at the cathode surface is given as: 
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Figure 2.11  Models to explain hydrogen absorption reaction from an aqueous 

phase. 
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       2MHads H2 + 2M 

     

H3O
+
 + M + e

-
  MHads      (2.15) 

 

       MHabs     

 

where, MHabs refers to hydrogen atoms absorbed beneath the metal surface, and k1, k2, k3, 

k-3 are rate constants of various steps. The permeation rate in this case should be 

proportional to the coverage of the metal surface by adsorbed hydrogen atoms [17].  

The other model postulated by Bagotskaya [61] and Frumkin [62] suggests that 

the hydrogen entry into the metal occurs simultaneously during the hydrogen discharge 

reaction (Figure 2.11 (b)). In this model, HER and HAR occur independently. Based on 

this model, the sequence of reactions that occur at the cathode surface is given as: 

 

 

     MHads   2MHads H2 + 2M 

     

H
+
 + M + e

-
         (2.16)  

 

     MHabs     

 

Hydrogen solubility in iron and iron-based alloys by the electrochemical process 

in an aqueous solution is proportional to the square root of current density [17].  

 

2.9.3 Promoters of Hydrogen Entry into Metals 

Certain compounds are known to promote hydrogen entry into metals from both 

liquid and gaseous environments [17]. They are termed hydrogen recombination poisons. 

Such compounds when present in the electrolyte hinder recombination of hydrogen, thus 

+MHads 

k 1 

k 2 

k 3 

k -3 

slow 

k 1 

k 4 

k -4 

k 2 +MHads 
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preventing hydrogen gas evolution and promoting HAR. Some of the species found to 

promote hydrogen entry are: 

i) Certain compounds of the following elements: phosphorus, arsenic, and antimony 

belonging to the V-A periodic group, and sulfur, selenium, and tellurium belonging to 

the VI-A periodic group 

ii) The following anions: CN
-
 (cyanide), CNS

-
 (rhodanide), and I

-
 (iodide) 

iii) The following compounds of carbon: CS2 (carbon sulfide), CO (carbon monoxide), 

CON2H4 (urea), and CSN2H4 (thiourea) 

These compounds show their full effect at relatively low concentrations, because 

at higher concentrations, they often lead to deposition of insoluble products that can 

inhibit hydrogen entry. 

 

2.10 Hydrogen Diffusion in Iron 

 A number of studies to determine the diffusion of hydrogen in iron are reported 

[63-67]. A complete review of hydrogen diffusion in deformed and annealed iron is given 

by Kiuchi and McLellan [63]. The existing data of diffusivity exhibit a large scatter 

ranging over four orders of magnitude around the ambient temperature. In spite of 

experiments done on ultra-high-purity iron, the principal cause of these inconsistencies is 

the defect level present in the material used. Even the slightest change in defect 

concentration will affect the hydrogen trapping and thereby affect the diffusion 

measurements. Moreover, a quartz tube used for heat treatment can introduce silicon into 

the material, which can affect the hydrogen diffusion in iron. Similarly, other alloying 

elements present in iron, such as Cr and Mo, can significantly affect the diffusivity values 
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[64]. Diffusivity of hydrogen in iron and steels is reported by Radhakrishnan et al. [65] 

and Oriani [66], with an emphasis on metallurgical factors like grain size, cold work, 

annealing, microstructure and stress that affect the trapping of hydrogen. The room 

temperature (at 298 K) hydrogen diffusion coefficient values reported in the literature for 

pure iron (with very low dislocation densities) are in the range of 6.0 x 10
-9

 m
2
/s to 8.0 x 

10
-9

 m
2
/s [17]. Typical values of diffusion coefficients of hydrogen in high-strength alloy 

steel at room temperature are on the order of 10
-11

 m
2
/s [67]. 

 

2.11 Hydrogen Trapping in Iron 

 Hydrogen existing in monoatomic form, with an atomic size of about 1.06 A°, 

occupies an interstitial site in the BCC iron lattice. It can either occupy an octahedral or a 

tetrahedral site, as shown in Figure 2.12 [17].  

The hydrogen homogenously present in the lattice at ambient temperature and 

pressure is only about 3 hydrogen atoms for every 10
8
 atoms of iron [18], and this low 

content of hydrogen should not create a dangerous condition for embrittlement. However, 

it is extremely easy either to introduce significant concentration changes or large excess 

concentrations of hydrogen into the metals and these serve as the primary source for 

creating susceptibility towards embrittlement. It is possible in any common engineering 

or manufacturing processes, at higher temperatures or pressures, to introduce hydrogen in 

the metal lattice to a high concentration level. But if the material is returned to ambient 

conditions, the lattice is not capable of retaining the excess hydrogen in the super 

saturated solution.  
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Figure 2.12  A schematic of hydrogen atom in interstitial site of BCC iron 

lattice: (a) tetrahedral site; (b) octahedral site. 
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To accommodate this excess hydrogen, there has to be sinks capable of absorbing 

large quantities of hydrogen. It has been proved experimentally that in addition to the 

interstitial sites in the lattice, hydrogen diffusing into a metal lattice interacts with lattice 

imperfections such as voids, dislocations, grain boundaries, solute atoms, second phase 

particles, nonmetallic inclusions, etc. Hydrogen interacts with the defects more strongly 

than they do with the lattice, resulting in localization of these diffusing species. Such sites 

inside the metals where localization of the diffusing hydrogen occurs are termed as 

hydrogen traps. The role of trapping in hydrogen transport in steels was reviewed by 

Oriani [66] in 1970. These traps can be classified into four types, as summarized in Table 

2.3, based on the number of hydrogen atoms which can be accommodated in the trap and 

based on the binding energy of the trap [67]. 

It is important to understand this hydrogen interaction with such heterogeneities 

in the metal lattice, because these local interactions are responsible for the substeps to 

failure: crack initiation, growth and finally fracture. Therefore, controlling these 

microstructural parameters can help improve the hydrogen embrittlement resistance of 

materials. 

 

2.12 Factors Affecting Hydrogen Embrittlement 

2.12.1 Effect of Strain Rate 

In contrast to other embrittlement phenomenon which has direct proportionality to 

strain rate, hydrogen embrittlement is inversely dependent on strain rate. The slower the 

strain rate, the more is the embrittlement. This behavior is explained by the planar  
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Table 2.3 

Classification of hydrogen traps [67]. 

Classification Description 

Saturable The number of sites for hydrogen atoms is fixed (e.g. 

boundaries, dislocations) 

Nonsaturable The number of sites for hydrogen atoms in the trap varies 

according to the fugacity (e.g. voids) 

Reversible The trap binding energy is relatively small, and hydrogen 

may escape from the trap as well as enter it 

Irreversible The trap binding energy is large, and hydrogen will not 

leave the trap at ambient temperature 
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pressure theory [19]. Upon straining, the voids enlarge and the hydrogen pressure in the 

voids drops. Further concentration buildup of hydrogen is necessary to maintain a 

damaging pressure. Therefore, if the rate of straining is more than the hydrogen pressure 

restoration, embrittlement should decrease [20]. Hydrogen embrittlement is diffusion 

controlled, and so at higher strain rates, there is insufficient time for appreciable 

hydrogen diffusion to the void or to the tip of a propagating crack. 

 

2.12.2 Effect of Temperature 

Hydrogen embrittlement effect disappears at low and high test temperatures. 

Similar to the effect of strain rate, according to the planar pressure theory, at lower 

temperatures, the rate of delivery of hydrogen to the voids decreases and that reduces the 

hydrogen embrittlement.  At lower temperatures, the diffusion of hydrogen is also lower 

and that reduces hydrogen embrittlement. At higher temperature due to very high 

diffusivity, it is difficult to have sufficient hydrogen concentration gradient and the 

embrittlement decreases [20]. Therefore, the hydrogen embrittlement dominates near 

room temperature [18].  

 

2.12.3 Effect of Stresses  

 It was experimentally shown by Kazinczy [68] that the hydrogen diffusion in steel 

increases in the presence of stresses, up to the yield point.  This increase is attributed to 

the stress multiplication along slip planes in which the hydrogen flow is thereby 

increased. Therefore, the in-situ charging of hydrogen during the test increases the 

hydrogen diffusion into the sample.  
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2.12.4 Effect of Magnetic Field  

Magnetization tends to affect the hydrogen embrittlement susceptibility of iron 

and iron-based alloys. It is reported that the presence of an applied magnetic field can 

decrease [29] or increase [30, 31] the hydrogen embrittlement susceptibility of a material. 

A strong applied magnetic field near saturation can affect the domain structure and 

therefore could change the interstitial-dislocation interaction, which affects the 

mechanical properties of the alloys [29, 30]. It has also been reported that the application 

of magnetic field near saturation affects the cathodic surface reactions, leading to 

enhanced hydrogen absorption and thereby increasing the susceptibility of steels to 

hydrogen-induced cracking [31, 32]. 

 

2.13 Reducing Hydrogen Embrittlement Susceptibility in Materials 

 There are two obvious ways to reduce the susceptibility of materials to hydrogen 

embrittlement: (i) either by controlling the hydrogen content in the material or (ii) by 

making the material more resistant to hydrogen embrittlement.  

 The presence of hydrogen or entry of hydrogen into the material in some 

applications is unavoidable. Hydrogen that preexists in the material or is introduced 

during processing steps can be reduced by a suitable de-embrittlement treatment. 

However, the most difficult problem is to avoid entry of hydrogen during service. This 

can be controlled by the use of appropriate inhibitors which will react with the hydrogen, 

accelerate hydrogen recombination reaction or cover the surface to block the active 

surface site for hydrogen absorption. Organic coatings make it difficult to achieve this as 

they are prone to damage or are permeable to hydrogen. Suitable metal coatings can offer 
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some reduction in hydrogen entry, as closed packed metals have a lower hydrogen 

diffusion coefficient than for iron.  

 The second way to reduce hydrogen embrittlement susceptibility is by making the 

material more resistant to hydrogen embrittlement. Most of the hydrogen embrittlement 

mechanisms are based on hydrogen interaction with defects. Therefore, controlling the 

defect structure in materials can help control the hydrogen embrittlement, which is 

achieved by thermal treatments that reduce the internal residual stress, dislocation density 

and segregation. This is the reason for cold worked material with higher dislocation 

density or fine grained material with more grain boundary area being more susceptible to 

hydrogen embrittlement than the annealed materials with larger grain sizes. Materials 

with more closed packed structure (like FCC compared to BCC) are less prone to 

hydrogen embrittlement. Suitable material design can only help reduce the susceptibility 

of materials to hydrogen embrittlement, but cannot completely eliminate it.   

 

2.14 Acoustic Emission Measurements 

When a solid is subjected to stress at certain levels, discrete acoustic wave packets 

are generated which can be detected by transducers placed on, or in acoustic contact with, 

the solid. The phenomenon of sound generation in materials under stress is termed 

acoustic emission (AE) or alternatively, stress wave emission [33].  

A remarkable phenomenon of AE was observed and reported by Josef Keiser [34] 

and is widely accepted and referred to in AE literature. He observed that when a material 

is stressed, acoustic emissions are detected. This material unloaded to relax the stresses 

and reloaded again has no new emissions detected until the previous maximum stress has 
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been exceeded. This effect is termed as the Kaiser effect [69]. However, the Kaiser effect 

does not always occur. In some cases, emission does occur upon unloading at a specific 

fraction of the previous maximum load, known initially as the Modified Kaiser effect, but 

now is usually referred to as the Felicity effect [69]. The ratio of load at which emissions 

reoccur to the previous maximum load is expressed as Felicity ratio or Felicity 

percentage.  

 

2.14.1 Acoustic Emission as a Nondestructive Evaluation Technique 

AE has developed rapidly over the last couple of decades as a nondestructive 

evaluation technique and as a tool for materials research. It is a high sensitivity technique 

for detecting active microscopic events in a material. The atomic rearrangements which 

occur within a material during deformation and cracking produce elastic waves which 

travel through the material and can be detected at a surface by piezoelectric transducers. 

The transducer signals can be used to detect deformations or crack formation and 

propagation in a material; this has practical applications in the nondestructive testing of 

structures and components [35, 36]. It is possible, in principle, to obtain information 

about the nature and the severity of changes occurring at defects in structures under load; 

additionally, three or more transducers can be used to locate the position of the 

deformation within the structure or component.  

A basic AE measurement setup comprises a transducer in acoustic contact with 

the material or the structure under test, a low noise signal cable connected to the 

electronic signal conditioner, and a computer-controlled data acquisition system for 

counting and recording the AE signals. 
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2.14.2 Acoustic Emission Technique in Deformation and  

Fracture Studies 

All common structural materials (metallic alloys, glasses, polymers, ceramics and 

composites) exhibit AE. The intensity and frequency spectra of the elastic waves coming 

from the defect depend on the material, the nature of the deformation process, the local 

stresses at the defect and often on the environment in which the material is placed. AE 

techniques can be used to study deformation processes and fracture studies in a variety of 

materials and environments [37, 38].     

 In polycrystalline materials, the main source of hydrogen embrittlement is from 

the microscopic intergranular fracture. The cumulative AE event counts are proportional 

to the number of intergranular microcracks during stable crack growth [39, 70]; hence 

there is a correlation between AE activity and the embrittlement process. It has been 

reported that the level of acoustic emission is higher in the case of intergranular cracking 

than in the case of transgranular cracking, and this is attributed to the larger size 

increment that occurs during intergranular cracking during discontinuous crack 

propagation [40]. Similarly, a larger grain size increases the amount of AE because of the 

larger crack increments. 

In most cases, there is a long time gap between the incubation and final fracture. 

Therefore, monitoring the incubation time to nucleate microcracks in terms of some 

directly observable AE analysis can be applied to detect failure mechanisms of hydrogen 

charged specimens under mechanical loading and these parameters can be of great help in 

protecting the structure from premature hydrogen embrittlement failures [71]. 
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2.14.3 Advantages and Limitations of Acoustic Emission Technique 

 There are inherent advantages and limitations to the AE technique. The most 

important advantage of using this technique for nondestructive testing (NDT) is that it is 

essentially nonlocalized. The transducer used for detecting needs to be in acoustic contact 

with the structure and need not be near the emission source. It is very easy to scan a large 

structure using acoustic emission probes placed at 1-10 m intervals on the surface of the 

structure. This is advantageous in comparison to other nondestructive testing methods 

like radiography, ultrasonic inspection or eddy current inspection which require the probe 

to scan over the entire structure. It is also useful in cases where the defect location is 

physically inaccessible for inspection purposes. The other major advantage of AE as a 

NDT tool is its ability for continuous in-service monitoring of structures. The AE 

technique has its own limitations. The acoustic emission signals intensities in some cases 

are too low to be detected with conventional piezoelectric transducers, which then require 

sophisticated and expensive transducers. The main difficulty is associated with the 

background noise which is frequently present during in-service tests of structures. Care 

has to be taken to reduce interference from noise generated in pumps, waves or moving 

machinery [33]. 



 

 

CHAPTER 3 

 

RESEARCH OBJECTIVES AND EXPERIMENTAL APPROACH 

 

 The main objectives of this research work were to examine the effect of hydrogen 

and magnetic field on the mechanical behavior of magnetostrictive Fe-Ga alloys. Fe-17.5 

at.% Ga alloy was selected. The reason for selecting this composition is because this 

composition has a single phase (α phase – A2 structure) in the temperature range of 450 

to 1425 °C and on cooling has a much smaller tendency to form ordered second phase 

regions (such as L12 or DO3 or B2 structures which have been identified to form in alloys 

with higher Ga contents, such as in Fe-27.5 at.% Ga). While the maximum 

magnetostriction observed in the Fe-Ga alloy system is at a Ga content of about 20 at.%, 

a slightly lower Ga content alloy was chosen so as to obtain a single phase alloy on 

reasonably fast cooling such as by air and at the same time obtain large magnetostriction 

values.  

 In order to avoid the effects of the grain boundaries and other defects that are 

present in polycrystalline materials, it was decided to use samples for the test made 

completely of a single crystal. Mechanical test results of single crystal samples reported 

in the literature are mostly done by using samples, as shown in Figure 3.1 (a), having 

only the test region made of single crystal. Even with careful control of the processing 

parameters, this can introduce errors in results due to the metal joining process used in  
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Figure 3.1 A schematic of samples used for three-point bend test (a) with only the 

test region made of single crystal; (b) entire sample made of single crystal.  
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joining the single crystal with the other base metal. Therefore, the test results from 

samples made completely with a single crystal (Figure 3.1 (b)) are more reliable and 

significant. But, the preparation of such single crystal samples of the desired orientation, 

large enough to make multiple identical test samples, involves meticulous care in the 

single crystal growth process and a number of laborious iterations of crystal orientation 

and polishing steps. Therefore, the first challenging step in this work was in growing a 

large enough Fe-17.5 at.% Ga single crystal, using the vertical Bridgman technique, to 

get four identical samples with desired orientation and dimensions. Faces of the single 

crystals samples used for the tests were kept close to (100) orientation.  

 Three-point bend tests and tensile tests were used to study the fracture behavior of 

these alloys. Due to the difficulty in obtaining single crystals of reasonable size, only the 

three-point bend tests were carried out on single crystal samples, and the tensile tests 

were carried out on polycrystalline magnetostrictive Fe-15 at.% Ga alloys. In order to 

optimize the three-point bend testing procedures and parameters, high-strength AISI 4340 

steel, a material that is well examined for its hydrogen embrittlement susceptibility, was 

used. 

 To systematically study the effect of hydrogen and magnetic field on the fracture 

behavior of these alloys, the tests were designed to be carried out under different test 

conditions: (i) with neither hydrogen charging nor magnetic field, (ii) with hydrogen 

charging only, (iii) with hydrogen and magnetic field and (iv) with magnetic field only. 

Hydrogen was introduced in the samples by in-situ electrochemical charging in specially 

designed electrolytic cells. In-situ hydrogen charging was done before and during the test. 

The precharging time was selected from the literature based on the hydrogen fugacity and 
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diffusion in iron during electrochemical hydrogen charging. The hydrogen charging 

current density was determined from potentiodynamic polarization scan results. 

 The magnetic field was applied either using Nd2Fe14B permanent magnets 

attached to the ends of the sample (for three-point bend tests) or by using a solenoid coil 

(for tensile tests). In the case of three-point bend tests, in order to study the effect of 

direction of applied magnetic field, the magnetic field was applied either along the length 

axis or width axis of the sample. Acoustic emission signals were collected continuously 

during the entire test period. For this purpose, a high performance acoustic emission 

sensor was connected to the test setup, and the signal from the sensor was collected using 

a National Instruments data acquisition board and Labview
®
 software. The acoustic 

emission signal at the initiation of fracture was also collected using a NICOLET
®
 310 

oscilloscope with a maximum sample rate of one sample per µs. Acoustic emission 

results were correlated with the fracture test results to understand the fracture behavior. 

The fracture surfaces of tensile and bend tested samples were examined using a scanning 

electron microscope (SEM).  

 Transmission electron microscopy (TEM) was used to examine the α-phase of Fe-

17.5 at.% Ga alloy, for which TEM samples were prepared from the single crystal sample 

that was used for the three-point bend test. Magnetic measurements were done on the Fe-

17.5 at.% Ga alloy sample using a vibrating sample magnetometer (VSM) to determine 

the saturation magnetization value for the alloy. Magnetostriction measurements were 

done on the [001]-oriented Fe-17.5 at.% Ga alloy single crystal sample used for the three-

point bend test in ambient condition, to determine the magnetostriction coefficient 

(3/2)100. 



 

 

CHAPTER 4 

 

EXPERIMENTAL PROCEDURES 

 

4.1 Alloy Preparation 

The Fe-17.5 at.% Ga alloy single crystals used for the three-point bend tests were 

prepared using high vacuum arc melting, followed by single crystal growth using the 

vertical seedless Bridgman technique. Fe-15 at.% Ga polycrystalline alloy with 

preferential [001] texture for tensile tests was prepared using high vacuum arc melting, 

followed by thermomechanical processing.   

 

4.1.1 Vacuum Arc Melting 

Ingots of Fe-17.5 at.% Ga and Fe-15 at.% Ga alloys were prepared from high-

purity (99.99%) elements (Fe and Ga) by vacuum arc melting technique in an Edmund 

Buehler
®
 high vacuum arc melting system. Fe and Ga were weighed out as per 

stoichiometry and placed in the chamber. The chamber was evacuated to a vacuum level 

of <10
-4 

torr (10
-7 

atm) and back-filled with ultra-high-purity (UHP) argon to about 0.7 

atmosphere. Before arc melting the actual alloy, a piece of titanium was melted to getter 

any residual oxygen and moisture in the chamber. The alloys were then melted by using a 

low-power arc in the initial stages, followed by a gradual increase in power to assure 

complete melting. Due to higher vapor pressure of Ga relative to Fe, careful melting 
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procedures were adopted to assure negligible loss of Ga. Each ingot typically weighed 

about 20 grams and each ingot was remelted four times to assure alloy homogeneity.  

 

4.1.2 Directional Casting 

The arc melted ingots were then directionally cast using a setup as shown in 

Figure 4.1. Each of these arc melted alloy ingots were melted on top of a copper block 

placed on a water-cooled copper surface. When the ingot melted completely, the liquid 

metal was allowed to flow into a cylindrical cavity of the copper block with an alumina 

insulation sleeve to form a 9.4 mm diameter cylindrical rod. On contact of the liquid 

metal with the water-cooled copper surface, the solidification process occurs primarily by 

rapid-one-dimensional heat extraction in the downward direction through the water-

cooled copper block surface. The directional casting was intended to promote a preferred 

crystallographic orientation in the ingot. These alloys are hereafter referred to as 

directional cast alloys. 

 

4.1.3 Single Crystal Growth Process 

Seedless vertical Bridgman technique, which has a better control of the 

temperature gradient across the liquid/solid interface, was used to grow single crystals. 

The crucible containing a liquid metal is moved away from the melting zone down the 

temperature gradient in the furnace using a stepper motor-controlled drive system. 

Through a proper control of temperature gradient in the furnace and the rate of movement 

of the crucible, single crystals of the alloys can be obtained. Figure 4.2 shows a schematic 

of the vertical Bridgman technique that was used for single crystal growth. 
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Figure 4.1  A schematic of the directional casting setup.   
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Figure 4.2  A schematic of the vertical Bridgman crystal growth set up used for 

growing Fe-17.5 at.% Ga alloy single crystal. 
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Several of the directional cast alloy rods were placed in a long closed-one-end 

alumina tube with inner diameter of about 12.5 mm. The tube was positioned in a two 

zone resistance heated furnace, and the sample position was set at the maximum 

temperature region. The alumina tube was evacuated and flushed with ultra-high-purity 

(UHP) argon several times. Small argon gas flow was maintained during the heating of 

the tube to a set-maximum temperature of 1530 °C, allowing the alloy rods to melt. After 

ensuring the completion of the melting process, the tube was lowered at a controlled rate 

of about 4 mm/hr down the furnace using a Velmex
® 

stepper motor-drive mechanism. As 

the tube moved down the maximum temperature region, solidification of the melt started 

from the bottom end of the tube. A cylindrical single crystal, 72 mm in length and 12.5 

mm in diameter, was cut from this directionally grown (DG) alloy rod. This single crystal 

was oriented and cut to get samples for the three-point bend test. 

 

4.1.4 Thermomechanical Processing 

Polycrystalline (Fe-15 Ga)99(NbC)1 alloy rolled strips prepared for an earlier 

study on texture development were used for examining the effect of hydrogen and 

magnetic field on the tensile behavior. The thermomechanical process used for preparing 

this rolled sheet sample is described below. Vacuum arc melted ingots of  Fe-15 at.% Ga 

alloy with 1 volume % NbC addition were melted together to prepare a 25 mm x 25 mm 

x 75 mm block of (Fe-15 Ga)99(NbC)1 alloy. This arc melted and cast alloy ingot was 

homogenized at 1200 °C, hot rolled at 1100 °C, given a two stage warm rolling at 400°C 

with a reduction of about 66% in each stage, with an intermediate anneal at 900 °C for 1 

h, and annealed at 700 °C for 2 h.  
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4.2 Single Crystal Orientation 

X-ray diffraction examination of the single crystal cut from the DG alloy rod was 

performed using the Cu Kα radiation in a Siemens® D5000 high-resolution x-ray 

diffractometer. The 2θhkl of various peaks for the alloy were obtained from a θ-2θ scan. 

These 2θhkl values were used to perform rocking curve scans, in which the x-ray detector 

is fixed at a position corresponding to the 2θ value expected for a given (h k l) diffraction 

((200) in this work) and the sample is rotated about the diffraction axis. Rocking curves 

along with detector and phi scans were used for crystal orientation determination. The 

maximum value in the rocking curve is the ω value corresponding to the optimal 

specimen orientation for diffraction from the (200) plane, and provides the amount of 

crystal misorientation from the [100] direction. This misorientation information was used 

to cut and polish the single crystal sample for three-point bend tests. The preparation of a 

single crystal sample to the desired orientation on all its six faces involves a number of 

laborious iterations of crystal orientation and polishing steps. It was also challenging to 

have a well-oriented single crystal large enough to make the entire set of bend test 

samples using that single crystal. For the three-point bend test, single crystal samples 

with edges close to <100> orientation were desired.   

 

4.3 Three-Point Bend Test 

 A three-point bend test was used to study the fracture behavior of Fe-17.5 at.% Ga 

single crystal samples in the presence of hydrogen and magnetic field. The tests were 

designed to be carried out in four different test conditions: (i) with neither hydrogen 

charging nor magnetic field; (ii) with only hydrogen charging; (iii) with hydrogen 
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charging and magnetic field applied along the sample length axis; (iv) with hydrogen 

charging and magnetic field applied along the sample width axis. 

Because of the difficulty in obtaining the single crystal samples, it is important to 

optimize the test setup and parameters before doing tests on the single crystal samples. 

For this, high-strength AISI 4340 steel was decided to be used. A high-strength alloy like 

the AISI 4340 steel is highly susceptible to hydrogen embrittlement and so is widely used 

for hydrogen embrittlement studies. The AISI 4340 steel used in this work was obtained 

in a cold drawn, normalized and subcritical annealed condition. The chemical 

composition as provided by the supplier is given in Table 4.1.  

 Three-point bend tests were carried out using a three-point bend test fixture on an 

Instron
®
 4505 universal testing machine. Crosshead speed of 0.1 mm/min was used 

conforming to slow strain rate testing to evaluate the susceptibility of metallic materials 

to environmentally assisted cracking (ASTM G129 – 00 Standard) [72]. Sampling rate of 

1 pt/s was used for data collection during the test. The fracture surfaces of samples tested 

under different conditions were examined using a FEI Nova™ scanning electron 

microscope and some of the samples were examined using a TOPCON
®
 scanning 

electron microscope SM-300. 

 

4.3.1 Bend Test Sample Preparation 

 Samples of Fe-17.5 at.% Ga single crystal and AISI 4340 steel for the three-point 

bend test (Figure 4.3 (a)) were prepared with dimensions having length: thickness: width 

(L: D: W) ratio close to 8:2:1 conforming to ASTM E399 – 09 standard [73]. The length 

was made a little longer to have enough length on either side of the three-point bend  
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Table 4.1 

Chemical composition of AISI 4340 steel used in this work (as provided by the supplier). 

Element C Mn P S Si Cr Ni Mo Al Cu 

Percentage 0.42 0.76 0.008 0.004 0.26 0.81 1.82 0.27 0.026 0.18 
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(a) 

 

 

(b) 

 

Figure 4.3  Three-point bend test sample: (a) a schematic of the sample dimensions; 

(b) optical microscope image of the notch tip. 
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fixture to avoid sample slip during bending. The notch was cut at the centre of the length 

(L) along the width (W) direction, with a total notch depth close to half the sample 

thickness (D). The notch was cut using a Buehler Isomet® low speed saw with a 300 µm 

thick diamond blade. The notch tip (Figure.4.3 (b)) was made sharper by polishing with a 

steel wire having a diameter of about 80 µm. The notch profile was made identical in all 

the samples. Sample surfaces were mechanically polished to 1200 grit finish.  

 

4.3.2 Three-Point Bend Test Setup 

A schematic of the test setup for in-situ hydrogen charging and magnetic field 

applied to the sample during the three-point bend test is shown in Figure 4.4. Cathodic 

charging of hydrogen was done electrolytically in a specially designed electrochemical 

cell which was attached to the three-point bend test fixture. Aqueous solution of 1 N 

sulfuric acid (H2SO4) with 1 g/L thiourea (hydrogen recombination poison) was used as 

the electrolyte. Platinum foil was used as the anode, and the test sample was used as the 

cathode. Hydrogen was precharged for 3 h before the bend test, followed by in-situ 

charging during the test. The hydrogen precharging time was selected based on the 

assumption that hydrogen diffusion rate is the same as that in pure iron. The optimum 

hydrogen charging current density for a Fe-17.5 at.% Ga single crystal sample and AISI 

4340 steel sample were obtained from the potentiodynamic polarization scan prior to the 

three-point bend test. The potentiodynamic polarization scan was done using a three-

electrode method, with a saturated calomel reference electrode and platinum counter 

electrode, in an electrolyte of 1 N H2SO4 with 1 g/L thiourea.  

The magnetic field was applied to the bend test sample using Nd2Fe14B permanent 
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Figure 4.4  A schematic of the test setup for in-situ hydrogen charging and magnetic 

field applied to the sample during the three-point bend test. 

 

 

 

 

 

 



 68 

magnets attached to the sample. To study the effect of direction of applied magnetic field, 

two configurations as shown in Figure 4.5 were used. The magnetic field was applied 

either along the length axis (Figure 4.5 (a)) or along the width axis (Figure 4.5 (b)) of the 

bend test sample. The magnetic field applied in such a configuration gives an almost 

homogenous magnetic field near the notch region with a field strength well over the 

saturation field value for these alloys. 

 

4.4 Tensile Test 

Tensile tests on Fe-15 at.% Ga polycrystalline samples were carried out in four 

different conditions: (i) annealed sample with neither hydrogen charging nor magnetic 

field, (ii) annealed sample with only hydrogen charging, (iii) as-rolled sample with only 

hydrogen charging, and (iv) annealed sample with hydrogen charging and magnetic field.  

Tensile tests were carried out using an Instron 4505 universal testing machine. 

A crosshead speed of 1 mm/m and a sampling rate of 10 pts/s were used for data 

collection during the test. The fracture surfaces of samples tested under different 

conditions were examined using a FEI Nova™ scanning electron microscope. 

 

4.4.1 Tensile Sample Preparation 

Tensile samples of dimensions as shown in Figure 4.6 were machined from the 

thermomechanically processed as-rolled (Fe-15Ga)99(NbC)1 alloy. Some of the samples 

were vacuum glass sealed in quartz vials and annealed at 720 ºC for 1 h. The sample 

surfaces were mechanically polished to 1200 grit finish. Tensile tests were carried out 

using as-rolled and annealed samples. 
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Figure 4.5  A schematic showing the magnetic field application configurations in the 

bend test sample: (a) along the length axis; (b) along the width axis. 
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Figure 4.6  A schematic of tensile test sample dimensions. 
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4.4.2 Tensile Test Setup 

A schematic diagram of the test setup for in-situ hydrogen charging and 

application of magnetic field during the tensile test is shown in Figure 4.7. Cathodic 

charging of hydrogen was done electrolytically in a specially designed in-situ 

electrochemical cell. Aqueous solution of 0.1 N H2SO4 was used as the electrolyte. 

Platinum foil was used as the anode and the Fe-15 at.% Ga tensile sample as the cathode. 

A current density of 50 A/m
2 

was chosen to be used for hydrogen charging.  Hydrogen 

was precharged for 30 minutes prior to the test, followed by in-situ charging during the 

tensile test. The magnetic field was applied to the tensile sample using a solenoid coil 

placed around the gauge length of the tensile sample. The magnetic field strength at the 

core of the solenoid was measured to be about 100 A/m. 

 

4.5 Acoustic Emission Measurements 

Acoustic emission signals were collected using a SE150M high performance 

acoustic emission sensor. The sensor was clamped to the three-point bend test fixture. 

Lubricant was used between the sensor and the fixture to avoid forming an air gap, 

thereby reducing the noise. The signal from the sensor was collected using a National 

Instruments data acquisition board and Labview
®

 software, with a resolution of one data 

point per 50 µs. The signal was collected continuously from the beginning to the end of 

the bend test. The signal was also collected on a high resolution oscilloscope – Nicolet 

310, with a resolution of one data point per µs.  
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Figure 4.7  A schematic of the test setup for in-situ hydrogen charging and magnetic 

field applied to the sample during the tensile test. 
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4.6 Magnetic Hysteresis Measurement 

Saturation magnetization measurements for Fe-17.5 at.% Ga alloy were made 

using a Lakeshore
®
 7307 vibrating sample magnetometer (VSM) with a Lakeshore

® 

Model 450 gauss meter with ± 30 kG Hall probe. The Fe-17.5 at.% Ga alloy sample used 

for the measurement was cut from the as-cast ingot, having a cubic shape of 

approximately 2 x 2 x 2 mm
3
. Measurements were carried out at room temperature.  

 

4.7 Magnetostriction Measurements 

The magnetostriction coefficient (3/2)100 measurements of Fe-17.5 at.% Ga alloy 

single crystal were made on the same [001]-oriented single crystal sample cut from one 

end of the three-point bend test sample tested at room temperature. A full bridge 

technique was used with an active strain gage attached to the sample and three dummy 

gages attached to a Bi rod, which has a coefficient of thermal expansion similar to Fe. A 

schematic of the magnetostriction measurement setup is shown in Figure 4.8 (a). The 

strain gage was attached to the sample parallel to the [001] direction on a 12.5 mm x 6 

mm
 
face. The sample along with an attached strain gage was placed in between two iron 

end rods and a small dead weight was applied. The magnetic field was applied using a 

field coil surrounding the sample. Magnetostrictive strain was measured by applying the 

magnetic field (i) parallel to the [001] direction (Figure 4.8 (b)) and (ii) parallel to the 

[010] direction (Figure 4.8 (c)). Signals corresponding to the applied magnetic field and 

the magnetostriction were collected using an IOTECH® ADC 488/16A analog-digital 

convertor and an IOTECH® MUX 488/16SC signal conditioning multiplexer unit. 

Labview
®
 software was used for the data acquisition. 
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(a) 

 

              

 (b)    (c) 

 

Figure 4.8  Magnetostriction measurement: (a) a schematic of the measurement setup; 

(b) parallel measurement and (c) perpendicular measurement. 
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4.8 Transmission Electron Microscopy 

 Transmission electron microscopy (TEM) was used to examine the phases present 

in the Fe-17.5 at.% Ga alloy single crystal. TEM sample preparation involved cutting a 

slice of about 400 µm thick from the [001]-oriented Fe-17.5 at.% Ga single crystal 

sample. The 400 µm thick cut slice was polished in a number of steps starting from 600 

and 1200 grid SiC polishing paper, followed by 3, 1 and 0.3 µm diamond polishing 

compound, down to a final thickness of about 100 µm thick. This 100 µm thick slice was 

used to cut 3 mm diameter discs using a precision drill. The 3 mm discs were 

electropolished in a Struers twin jet electropolisher using an electrolyte consisting of 

perchloric acid, ethylene glycol monobutyl ether, ethanol and water to obtain samples 

with electron transparent regions for TEM examination. Before the TEM examination, 

the transparency of the sample was checked in a FEI Nova™ SEM using the STEM 

mode. TECNAI F20s TEM in the Electron Microscopy Center User Facility at the 

Argonne National Laboratory was used for TEM examination.  



 

 

CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

In this section, the results of the single crystal orientation, magnetic hysteresis and 

magnetostriction measurements of the Fe-17.5 at.% Ga alloy single crystal are first 

presented. Then, the results of Fe-17.5 at.% Ga alloy single crystal TEM examination and 

potentiodynamic polarization scan results are presented. Following this, the results from 

the three-point bend tests on AISI 4340 steel and Fe-17.5 at.% Ga alloy single crystal 

samples and tensile tests of polycrystalline Fe-15 at.% Ga alloy are presented.  

 

5.1 Single Crystal Characterization Using X-Ray Diffraction 

Figure 5.1 shows the θ-2θ scan of the face cut normal to the length axis from the 

as-grown Fe-17.5 at.% Ga alloy single crystal. Peaks corresponding to various 

crystallographic planes are given. The single crystal nature of the as-grown Fe-17.5 at.% 

Ga alloy DG rod was confirmed using x-ray diffraction rocking curves corresponding to 

(200), (220) and (310) reflections and the rotation of the sample about the phi and theta 

axis. The long axis of the as-grown crystal was determined to be about 13 degrees away 

from the [100] direction. Using the crystal misorientation information obtained from the 

rocking curve along with phi and detector scans, the crystal was oriented close to [100] 

orientation. Figure 5.2 shows the rocking curve corresponding to (200) reflection from  
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Figure 5.1  A θ-2θ diffraction pattern of the cut face from the as-grown Fe-

17.5 at.% Ga alloy. 
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Figure 5.2 A rocking curve corresponding to (002) reflection on the (200) face of [100]-

oriented Fe-17.5 at.% Ga single crystal. 
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one of the faces of the [100]-oriented Fe-17.5 at.% Ga single crystal sample. The 

maximum in the rocking curve is the omega (ω) value corresponding to optimal specimen 

orientation for diffraction from the (200) plane. The ωmax value of 31.81° obtained from 

the rocking curve and the 2-theta value of 64.22° corresponding to diffraction from (200) 

planes of Fe-17.5 at.% Ga alloy indicates that the crystal sample is oriented to within 0.3° 

from the [100] direction. Figure 5.3 shows a schematic of the oriented single crystal that 

was used for preparing four identical samples for the three-point bend test. Due to size 

requirements for the three-point bend test sample and size of the single crystal sample 

obtained from DG rod, one of the edges of the single crystal (edge ‘a’ in Figure 5.3) was 

within 0.3° from the [100] direction, whereas the other two edges of the single crystal 

(edge ‘b’ and ‘c’ in Figure 5.3) were 6 degrees away from the [010] and [001] directions, 

respectively. This crystallographic orientation was maintained almost the same in all four 

samples (Figure 5.4) to compare the results of samples tested under different conditions. 

 

5.2 Magnetic Hysteresis Measurement 

Figure 5.5 (a) shows the magnetic hysteresis curve of as-cast Fe-17.5 at.% Ga 

alloy measured at room temperature. The maximum magnetic field applied was 10 kG. 

The x-axis of the hysteresis curve is the applied magnetic field in G, whereas the y-axis is 

mass magnetization in emu/g. The saturation magnetization, which is magnetic moment 

per unit mass above the saturation magnetic field, is obtained from the magnetic moment 

value corresponding to an applied magnetic field of 10 kG. The saturation magnetization 

value obtained for Fe-17.5 at.% Ga was 173 emu/g. An enlarged view of this hysteresis 

curve in the near-zero magnetic field region is shown in Figure 5.5 (b). It can be seen that  



 80 

 

 

 

 

 

 

 

 
 

Figure 5.3  A schematic of the crystallographic orientation of the Fe-17.5 at.% Ga 

single crystal used for preparing four identical samples for the three-point 

bend tests. 
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Figure 5.4 A schematic of crystallographic orientation of the Fe-17.5 at.% Ga three-

point bend test sample. 
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(a) 

 

(b) 

 

Figure 5.5 Magnetization curve of as-cast Fe-17.5 at.% Ga alloy showing (a) the full 

curve and (b) an enlarged view of the near-zero magnetic field region. 
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the alloy has a very low coercivity and very small hysteresis. 

 

5.3 Magnetostriction Measurements 

 The magnetostriction coefficient (3/2)100 measurements of the Fe-17.5 at.% Ga 

alloy single crystal were made on the [001]-oriented single crystal sample. The single 

crystal sample used for the magnetostriction measurement was vacuum sealed in a quartz 

tube and heat treated at 1150°C for 2 h followed by water quenching. Figure 5.6 shows 

the magnetostrictive strain versus magnetic field curves obtained with strain measured 

along the [001]-direction after applying a magnetic field (i) parallel to the [001] direction  

(parallel) (Figure 5.6 (a)) and (ii) parallel to the [010] direction (perpendicular) (Figure 5.6 

(b)).  The difference between these two measured values (parallel - perpendicular) provided a 

magnetostriction coefficient (3/2)100 value of 359 x 10
-6

.  

 

5.4 Transmission Electron Microscopy Studies 

 The transmission electron microscopy studies of Fe-17.5 at.% Ga alloy were 

carried out on a sample prepared from the [001]-oriented single crystal. Figure 5.7 (a) 

shows a bright field TEM image of the Fe-17.5 at.% Ga sample and the diffraction 

pattern of the same area is shown in Figure 5.7 (b). The TEM image in Figure 5.7 (a) 

shows bend contours and thickness fringes. However, no dislocations, grain boundaries 

or second phase regions were seen in the sample.  Detailed examination is however 

needed to completely rule out the presence of nanoscale coherent second phase regions.  
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         (a) 

 

 
         (b)  

 

 

Figure 5.6  Magnetostrictive strain versus applied magnetic field curves of [001]-

oriented Fe-17.5 at.% Ga single crystal in the annealed condition, with 

strain measured along the [001]-direction after applying magnetic field (a) 

parallel to [001] direction; (b) parallel to [010] direction.   
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(a) 

 

(b) 

 

Figure 5.7  TEM results: (a) bright-field TEM image of Fe-17.5 at.% Ga single crystal 

sample showing the presence of only the α-phase region; (b) a diffraction 

pattern from the region shown in Figure 5.7 (a). 
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5.5 Potentiodynamic Polarization Scan Results 

 The data for a plot of potential versus logarithm of current density (E vs Log|i|) 

were obtained from the potentiodynamic polarization scan. The potentiodynamic 

polarization scan results of the Fe-17.5 at.% Ga single crystal sample and AISI 4340 steel 

sample are shown in Figure 5.8. Corresponding to a current density of 100 A/m
2
, there is 

no rate limiting step observed on the cathodic line of the polarization plot and so, this 

current density value was chosen for cathodic hydrogen charging for both the Fe-17.5 

at.% Ga single crystal as well as the AISI 4340 steel. 

 

5.6 Three-Point Bend Test Results 

Before carrying out the three-point bend tests on Fe-17.5 at.% Ga alloy single 

crystal samples, AISI 4340 steel samples were used to verify the testing parameters and 

test configuration. Four sets of identical AISI 4340 steel samples were prepared and 

tested in five different test conditions. 

The load versus midspan deflection data acquired by the computer connected to 

the Instron machine were used to calculate the bending stress and bending strain [74]. 

The bending stress (σb) and bending strain (εb) are given by equations (5.1) and (5.2), 

respectively. 

 

)MPa(
DW2

LP3
2b       (5.1) 

 

2b
L

Dd6
                 (5.2) 
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(b) 

 

Figure 5.8 Potentiodynamic polarization scan results of (a) Fe-17.5 at.% Ga alloy 

single crystal sample and (b) AISI 4340 steel sample in 1N H2SO4 with 1 

g/L thiourea. 
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where, P is the load (N), L is the length of the sample (mm), W is the width of the sample 

(mm), D is the depth or thickness of the sample (mm) and d is the displacement or mid-

span deflection (mm). 

A quantitative estimate of the effect of hydrogen can be expressed in terms of the 

hydrogen embrittlement index (HEI).  This can be defined as the ratio of a given property 

when measured in the presence of hydrogen to that in absence of hydrogen and it is given 

by equation (5.3). 

 

 
100HEI

0

H0 



       (5.3) 

 

where, ε0 is the maximum bending strain in the case without hydrogen charging, and εH is 

the maximum bending strain in the case with hydrogen charging. A larger value of HEI 

signifies a larger effect of hydrogen on ductility. 

 

5.6.1 Three-Point Bend Test Results of AISI 4340 Steel Samples 

 Four identical samples were tested for each test condition. The three-point bend 

test results of four sets of AISI 4340 steel samples tested in five different test conditions 

are presented in the bending stress versus bending strain plot (Figures 5.9 and 5.10). Each 

curve is an average of four tests and the error range for each set is also shown in the 

figure. The average maximum bending stress and bending strain values for these test 

samples are shown in Table 5.1. The error range varied for the samples tested under 

different conditions as can be seen from the error bars on the respective bending stress – 

bending strain curves for each of the five different test conditions. The standard deviation  
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Figure 5.9  Three-point bend test results of AISI 4340 steel samples under various test 

conditions. 
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Figure 5.10  Three-point bend test results of AISI 4340 steel samples under various test 

conditions - a magnified view of Figure 5.9 to clearly show results of 

hydrogen charged samples. 
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Table 5.1 

Three-point bend test results of AISI 4340 steel samples tested under different test 

conditions. 

 

Test conditions 

 

Maximum 

bending stress 

(MPa) 

 

Maximum 

bending strain 

(%) 

 

Hydrogen 

embrittlement 

index 

With neither hydrogen charging 

nor magnetic field 

438 3.8  

With magnetic field 450 4.2  

With hydrogen charging 235 0.9 76 

With hydrogen charging and 

magnetic field (along length axis) 

241 0.8 79 

With hydrogen charging and 

magnetic field (along width axis) 

259 0.9 76 
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of the three-point bend test results of four sets of samples tested under five different test 

conditions are shown in Table 5.2. 

 The AISI 4340 steel sample tested with neither hydrogen charging nor magnetic 

field was observed to have a maximum bending stress of 438 MPa at a corresponding 

bending strain of 3.8 %. The sample tested with only magnetic field was seen to have a 

maximum bending stress of 450 MPa at a corresponding bending strain of 4.2 %. The 

difference between these two test conditions are within the error range and so, the effect 

of magnetic field on the sample tested without hydrogen charging is seen to be negligible.  

 The AISI 4340 steel sample tested with hydrogen charging is seen to have a 

maximum bending stress of 235 MPa with a corresponding bending strain of 0.9 %. It is 

seen that the presence of hydrogen lowers the bending stress and bending strain values 

drastically. The HEI for the sample tested with hydrogen charging shows a very high 

value of 76, indicating that the presence of hydrogen affects the material ductility 

drastically and this alloy is highly prone to hydrogen embrittlement.  

 In the case of samples tested with hydrogen charging and magnetic field applied 

along the length axis, the observed maximum bending stress is 241 MPa and 

corresponding bending strain is 0.8 %. The HEI in this case is 79. In the case of samples 

tested with hydrogen charging and magnetic field applied along the width axis, the 

observed maximum bending stress is 259 MPa and the corresponding bending strain is 

0.9 %. The HEI in this case is 76. The samples tested with hydrogen charging in the 

presence of applied magnetic field has bending stress and bending strain values close to 

that of the hydrogen charged samples tested without magnetic field. The direction of 

applied magnetic field is not seen to have any significant effect on the bending stress and 
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Table 5.2 

Standard deviation of the three-point bend test results of AISI 4340 steel samples tested 

under different test conditions. 

 

Test conditions 

 

Standard deviation 

of the maximum 

bending stress (MPa) 

 

Standard deviation 

of the maximum 

bending strain (%) 

With neither hydrogen charging 

nor magnetic field 

22.9 0.51 

With magnetic field 24.2 0.48 

With hydrogen charging 15.9 0.07 

With hydrogen charging and 

magnetic field (along length axis) 

38.7 0.11 

With hydrogen charging and 

magnetic field (along width axis) 

17.1 0.12 
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bending strain values and is within the error range. The HEI for hydrogen charged 

samples with and without magnetic field are almost the same.  

 The standard deviation of the maximum bending stress ranges from about 15 to 

40 MPa. The standard deviation of the corresponding bending strain ranges from about 

0.1 to 0.5 %. In case of hydrogen charged samples, the deviation in bending strain value 

is about 0.1 % and from these results, it can be concluded that, in case of hydrogen 

charged samples, the test setup gives close and reproducible ductility values.   

 

5.6.1.1 SEM Fracture Studies  

 Figure 5.11 and 5.12 show the fracture surfaces of the AISI 4340 steel three-point 

bend test samples tested under various test conditions. The fracture surface of the sample 

tested with neither hydrogen charging nor magnetic field (Figure 5.11 (a)) is seen to have 

a ductile type fracture resulting from microvoid nucleation, growth and coalescence. It is 

seen to have a large distribution of dimples, indicating extensive plastic deformation. The 

fracture surface of the sample tested with hydrogen charging (Figure 5.11 (b)) is seen to 

have predominantly cleavage type fracture regions with some ductile regions. The only 

difference in these ductile regions is that the sample tested without hydrogen charging 

has more elongated dimples than that observed in the sample tested with hydrogen 

charging. The flat and smooth facets on the fracture surface indicate quasi-cleavage type 

of failure. In the quasicleavage mode, fracture occurs along transgranular paths, 

producing fracture surfaces similar to that caused by pure cleavage type fracture. The 

distinct difference is that the cleavage characteristics of maintaining one or few growing 

crack fronts as the crack progresses from one crystal to another are usually absent in  
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Figure 5.11  SEM fracture surface images of three-point bend tested AISI 4340 steel 

samples (a) with neither hydrogen charging nor magnetic field; (b) with 

hydrogen charging. 
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Figure 5.12  SEM fracture surface images of three-point bend tested AISI 4340 steel 

samples (a) with hydrogen charging and magnetic field; (b) with magnetic 

field. 
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quasicleavage. The fracture proceeds by the growth of these crack fronts that occurs by 

uniting with small embedded cracks in the material ahead of the macroscopic crack. This 

behavior is termed as satellite nucleation of cracks [75]. 

 The fracture surface of the sample tested with hydrogen and magnetic field shows 

a mix of ductile and quasicleavage type of fracture (Figure 5.12 (a)), very similar to that 

of the hydrogen charged sample tested without magnetic field (Figure 5.11 (b)). The 

fracture surface of the sample tested with only magnetic field (Figure 5.12 (b)) has 

extensive ductile tearing and is not very different from that tested with neither hydrogen 

nor magnetic field (Figure 5.11(a)). Hydrogen embrittlement is characterized by a change 

in the fracture mode from ductile tearing to brittle quasicleavage type fracture. 

 

5.6.1.2 Acoustic Emission Measurement Results 

 The acoustic emission signals collected during the three-point bend test of AISI 

4340 steel with and without hydrogen charging are shown in Figures 5.13 and 5.14, 

respectively. The x-axis is the actual time of the bend test in minutes and y-axis is the 

signal intensity in voltage. The intensity of the acoustic emission signal corresponds to 

the energy release during crack propagation and each major step of the crack growth 

process is detected as an emission event. 

 The sample tested with hydrogen charging (Figure 5.13 (a)) is seen to have a 

single acoustic emission event, which shows sudden cracking. The sample tested without 

hydrogen charging (Figure 5.14 (a)) shows many emission events, indicating progressive 

crack growth, and each major step of the crack growth has an associated emission event. 

The cumulative acoustic emission intensity in the case of the sample without hydrogen 
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(a) 

 

(b) 

 

Figure 5.13  Acoustic emission spectra of the AISI 4340 steel sample tested: (a) with 

hydrogen charging; and (b) an enlarged view of the highest intensity 

emission signal in Figure 5.13 (a). 
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(a) 

 

(b) 

 

Figure 5.14  Acoustic emission spectra of AISI 4340 steel sample tested: (a) without 

hydrogen charging; and (b) an enlarged view of the highest intensity 

emission signal in Figure 5.14 (a). 
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charging is higher than that of the sample tested with hydrogen charging. This intensity 

corresponds to the energy consumed during crack propagation, with the ductile fracture 

process (of sample tested without hydrogen charging) being a more energy-consuming 

process than the brittle cleavage fracture (of sample tested with hydrogen charging) [75]. 

Figures 5.13 (b) and 5.14 (b) show the acoustic emission signal patterns for shorter time 

periods of 6000 microseconds (6 milliseconds) near the maximum intensity peaks of 

Figures 5.13 (a) and 5.14 (a), respectively.   

 

5.6.2 Three-Point Bend Test Results of Fe-17.5 at.% Ga  

Single Crystal Samples 

The bending stress versus bending strain plots of data obtained from the three-

point bend tests of Fe-17.5 at.% Ga alloy single crystal samples tested in four different 

test conditions are presented in Figure 5.15. The maximum bending stress and the 

corresponding bending strain values for these test samples are shown in Table 5.3.  

The sample tested without hydrogen charging and magnetic field has a maximum 

bending stress of 210 MPa at a bending strain of about 1.4 %. The sample tested with 

hydrogen charging has a maximum bending stress of 132 MPa at a strain value of 0.9 %. 

This shows that the presence of hydrogen drastically reduces the ductility and fracture 

stress values. The hydrogen charged sample tested with magnetic field applied along the 

length axis has a maximum bending stress of 146 MPa at a strain value of 1.08 %. The 

hydrogen charged sample tested with magnetic field applied along the width axis has a 

maximum bending stress of 151 MPa at a strain value of 1.13 %. In the case of samples 

tested with hydrogen charging and magnetic field, irrespective of the direction of applied  
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Figure 5.15  Three-point bend test results of Fe-17.5 at.% Ga single crystal samples 

under various test conditions. 
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Table 5.3 

Three-point bend test results of Fe-17.5 at.% Ga single crystal samples tested under 

different test conditions. 

 

 

Test conditions 

 

Maximum 

bending stress 

(MPa) 

 

Maximum 

bending strain 

(%) 

 

Hydrogen 

embrittlement 

index 

Without hydrogen charging and 

magnetic field 

210 1.4  

With hydrogen charging 132 0.9 36 

With hydrogen charging and 

magnetic field (along length axis)  

146 1.08 23 

With hydrogen charging and 

magnetic field (along width axis) 

151 1.13 19 
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magnetic field, there is an increase in the bending strain values compared to the sample 

tested with only hydrogen charging. An applied magnetic field increases the bending 

strain value by about 10-20 % along with an increase in the cleavage stress value by 

about 20-25 %. This increase in bending strain is associated with a decrease in elastic 

modulus value with applied magnetic field. A similar decrease in elastic modulus for this 

alloy in the case of bend test samples with applied magnetic field near saturation was 

reported by Datta et al. [51, 55]. HEI for the sample tested with hydrogen charging in the 

presence of magnetic field shows a slightly lower value than that without magnetic field 

(Table 5.3). 

It can be seen that the bending stress value in the case of the hydrogen charged 

sample with magnetic field applied along the width axis is about 10 % higher than that of 

the sample with magnetic field applied along length axis and corresponding increase in 

bending strain value is about 5 %. This difference can be attributed to the rotation and 

alignment of magnetic domains in the magnetized sample in the presence of stresses. 

Gradual variation of stress from tensile to compressive values across the sample plane 

parallel to the notch makes it difficult to interpret the influence of direction of applied 

magnetic field and this requires mathematical modeling to understand the magnetic 

domains structure within the material in the presence of combined stresses.  

 

5.6.2.1 SEM Fracture Studies 

Figure 5.16 (a-d) shows the low magnification SEM fracture surface images of 

the Fe-17.5 at.% Ga single crystal samples tested under various test conditions. At low 

magnification, the fracture surface looks almost flat and parallel to the notch plane. This  



 104 

     

 (a) (b) 

   

(c)  (d) 

Figure 5.16  SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample: (a) with neither hydrogen charging nor magnetic field; (b) 

with hydrogen charging; (c) with hydrogen charging and magnetic field 

(along length axis); and (d) with hydrogen charging and magnetic field 

(along width axis). 
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is due to the close orientation of the sample notch plane to the (100) slip plane. In all four 

samples, it is observed that the fracture initiated at the notch tip, which is the lower end 

of the fracture surface image, and has progressed overall along the [010] direction on the 

(001) cleavage plane (Figure 5.17). The fracture surface of the sample tested without 

hydrogen charging and magnetic field (Figure 5.16 (a)) is seen to have multiple steps in 

the fracture plane with ductile fracture features, indicative of plastic deformation during 

fracture. In the other three samples tested with hydrogen charging (Figures 5.16 (b), 5.16 

(c) and 5.16 (d)), there are fewer steps that are seen near the crack initiation region, after 

which the crack propagation seems to have occurred by sudden cleavage fracture. The 

hydrogen charged samples tested with and without magnetic field have similar fracture 

surfaces. But in the case of samples tested with hydrogen charging and magnetic field 

applied along the width direction (Figure 5.16 (d)), it is observed that there is more 

plastic deformation region compared to the other hydrogen charged samples (Figures 

5.16 (b) and 5.16 (c)). This observation of fracture surface features can well be related to 

the increase in the bending stress and bending strain values observed for this sample 

compared to other hydrogen charged samples. 

At higher magnification, the sample tested without hydrogen charging and 

magnetic field (Figures 5.18 (a) and 5.18 (b)) is seen to have both ductile (Figure 5.18 

(a)) as well as quasicleavage (Figure 5.18 (b)) fracture regions. Figure 5.18 (a) shows 

cup-and-cone dimple morphology, indicating ductile tearing, whereas Figure 5.18 (b) 

shows a region with quasicleavage fracture that occurred in multiple steps. The sample 

tested with hydrogen charging (Figure 5.19) shows a more brittle character as revealed by 

a larger fraction of cleavage facets on the fracture surface. There are very few or no 
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Figure 5.17  SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample showing cleavage crack growth along the [010] direction on 

the (001) cleavage plane. 

 

 

 

 

 



 107 

 

 

 

(a) 

 

(b) 

 

Figure 5.18  SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample tested without hydrogen charging and magnetic field. 
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(a) 

 

(b) 

 

Figure 5.19 SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample tested with hydrogen charging.  
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ductile features seen on this sample. Similar fracture features are seen in the case of the 

sample tested with hydrogen charging and magnetic field along the length axis (Figure 

5.20). The sample tested with hydrogen charging and magnetic field along the width axis 

has a combination of quasicleavage (Figure 5.21 (a)) and cleavage (Figure 5.21 (b)) 

fracture regions. Hydrogen embrittlement in this alloy is characterized by a change in the 

fracture mode from a more ductile to a brittle cleavage type fracture. 

In the case of hydrogen charged sample, crack propagation is along the bending 

plane and occurs as mode I type cleavage fracture, similar to that observed by Hirth et al. 

[28, 76]. It was shown by Hirth et al. that dynamic charging during the test results in 

crack nucleation at a much lower strain than that in precharged samples or samples 

without hydrogen charging. The reduction in strain value in the hydrogen charged sample 

compared to the uncharged sample confirms this. The stress concentration at the notch tip 

leads to defect concentration at the notch tip. The solute hydrogen accumulates at these 

lattice defects, lowers the cohesive strength of the lattice and as the stress increases 

continuously, the crack initiates at a critical combination of stress and hydrogen 

concentration.  

 

5.6.2.1.1 Cleavage fracture features seen on hydrogen charged samples 

The major characteristic of cleavage is the orientation relationship between the 

plane of the crack and the crystal structure through which the crack passes. For example, 

in iron, cleavage occurs along the {100} planes and sometimes along the boundaries 

between the matrix and {112} mechanical twins [75, 77, 78]. This orientation 

relationship causes several microscopic fracture surface features usually associated with 

cleavage.  The most evident feature is the flatness of the facets, seen as highly reflecting  
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(a) 

 

(b) 

 

Figure 5.20  SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample tested with hydrogen charging and magnetic field along length 

axis. 
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(a) 

 

(b) 

 

Figure 5.21  SEM fracture surfaces of Fe-17.5 at.% Ga single crystal three-point bend 

test sample tested with hydrogen charging and magnetic field along width 

axis. 
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regions under the microscope. The persistence of cleavage cracks in following certain 

specific families of crystallographic planes gives rise to the second most evident 

fractographic feature – cleavage steps. A brief explanation of the various cleavage 

fracture features observed in the hydrogen charged Fe-17.5 at.% Ga single crystal sample 

that occur during crack initiation and propagation are given here.  

 The cleavage crack is initiated at one point along the notch tip and it fans out into 

the whole crystal from this one point. This action produces cleavage surfaces, as shown 

in Figure 5.22, and the overall appearance is called a fan [75]. The arrow shows how the 

crack initiated at the bottom centre and propagated fanning out.  

Another type of feature formed by cleavage is shown in Figure 5.23 (a). These 

features are called tongues and are formed by local fracture along twin-matrix interfaces 

[75, 78]. The overall crack propagation direction is indicated by the large arrow, whereas 

the smaller arrows indicate the way that the crack is locally diverted by individual twins. 

It can be seen here that the tongues have formed at right angles to one another, which is 

typically observed in the cleavage of iron. The smaller arrow shows the twins with {112} 

<111> orientation and are close to about 45° to the {100} cleavage plane [75].  

The mechanism of tongue formation and crack propagation along the twin-matrix 

interface in the iron single crystal was explained by Beachem [75] and a very similar 

observation is seen in the case of the Fe-Ga single crystal in this work. These tongues are 

formed when a cleavage crack growing along as the {100} plane intersects a {112} twin 

interface and propagates along the interface for a short distance, whereas the {100} 

cleavage continues around the twin. Final local fracture occurs when the metal remaining 

between the two local cracks deforms and separates. This local propagation direction is  



 113 

 

 

 

 

 

 

 

 

Figure 5.22  Cleavage crack initiation and propagation in Fe-17.5 at.% Ga single 

crystal sample tested with hydrogen charging. 
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(a) 

 

(b) 

 

Figure 5.23  Cleavage fracture features seen in Fe-17.5 at.% Ga single crystal sample 

tested with hydrogen charging (based on observation by Beachem [75] in 

iron-single crystals ). 
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shown by the arrows in Figure 5.23 (b). These simultaneous propagations occurring along 

{100} and {112} planes eventually join along a third path. It has been shown by Hwang 

et al. [77] that cathodic charging introduces hydrogen-induced slip and twinning in iron 

alloys. 

Another cleavage feature caused by simultaneous cleavage along {100} and 

{112} twin-matrix interfaces is shown in Figure 5.24 and is termed as a herring bone 

pattern [79]. The fracture directions are shown by the arrows (Figure 5.24 (b)), with the 

centre being one of the <100> directions and the directions to either side being two of the 

<110> directions. The regions to either side of the central strip are formed by cleavage on 

the {100} and pairs of {112} twin-matrix interfaces. Considering the overall fracture to 

be the (100) plane, the twins contributing to fracture along with (100) cleavage in these 

side regions would be the {112} set of planes [75]. This is reported to be a typical 

fracture feature, especially in case of environmental induced cleavage fractures of single 

crystals [79]. 

 

5.6.2.2 Acoustic Emission Measurement Results 

The acoustic emission signals collected during the three-point bend tests under 

various test conditions are shown in Figure 5.25, 5.26, 5.27 and 5.28. The x-axis refers to 

the actual time of the bend test in minutes and y-axis refers to the signal intensity in 

voltage. The intensity of the acoustic emission signal corresponds to the energy release 

during crack propagation and each major step of the crack growth process is detected as 

an emission event. Figures 5.25 (a), 5.26 (a), 5.27 (a) and 5.28 (a) show the acoustic 

emission signal over the entire time span of the test, whereas Figures 5.25 (b), 5.26 (b),  
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(a) 

 

(b) 

 

Figure 5.24  Herring-bone pattern seen on the fracture surface of Fe-17.5 at.% Ga 

single crystal sample tested with hydrogen charging. 
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(a) 

 

 

(b) 

 

Figure 5.25  Acoustic emission spectra of the Fe-17.5 at.% Ga single crystal sample 

tested: (a) without hydrogen charging; and (b) an enlarged view of the 

highest intensity emission signal in 5.25 (a). 
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(a) 

 

 

      (b) 

 

Figure 5.26  Acoustic emission spectra of the Fe-17.5 at.% Ga single crystal sample 

tested: (a) with hydrogen charging; and (b) an enlarged view of the highest 

intensity emission signal in 5.26 (a). 
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(a) 

 

 

      (b) 

 

Figure 5.27  Acoustic emission spectra of the Fe-17.5 at.% Ga single crystal sample 

tested: (a) with hydrogen charging and magnetic field along the length 

axis; and (b) an enlarged view of the highest intensity emission signal in 

5.27 (a). 
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(a) 

 

 

(b) 

 

Figure 5.28  Acoustic emission spectra of the Fe-17.5 at.% Ga single crystal sample 

tested: (a) with hydrogen charging and magnetic field along the width 

axis; and (b) an enlarged view of the highest intensity emission signal in 

5.28 (a). 
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5.27 (b) and 5.28 (b) show the acoustic emission signal for shorter time periods near the 

maximum intensity peaks of Figures 5.25 (a), 5.26 (a), 5.27 (a) and 5.28 (a), respectively.   

 The sample tested without hydrogen charging (Figure 5.25 (a)) is seen to have 

many emission events, indicating progressive crack growth occurring in multiple steps, 

whereas the samples tested with hydrogen charging (Figures 5.26 (a), 5.27 (a) and 5.28 

(a)) show single emission events, indicating a rapid crack growth. The acoustic emission 

intensity in the case of the sample without hydrogen charging is much higher than that of 

the sample with hydrogen charging. This can be related to the fact that the ductile fracture 

process is a higher energy-consuming process than cleavage fracture [75]. It is observed 

that the intensity in case of the hydrogen charged sample tested with magnetic field 

applied along the width axis (Figure 5.28 (a)) lies between that of the sample tested 

without hydrogen charging (Figure 5.25 (a)) and the sample with hydrogen charging 

(Figure 5.26 (c)). This is consistent with the increase in the plastic deformation region 

seen in this sample (Figure 5.16 (d)). It is also observed that the magnified acoustic 

emission pattern corresponding to ductile fracture (Figure. 5.25 (b)) is distinctively 

different from that of brittle fracture (Figures 5.26 (b) and 5.27 (b)). A combination of 

these features is seen in the case of a sample with hydrogen charging and magnetic field 

along the width axis (Figure 5.28 (b)). The nonsinusoidal pattern observed in case of the 

sample tested without hydrogen charging and magnetic field (Figure 5.25 (b)) may also 

be attributed to a high signal intensity, which might have saturated the AE signal 

detector. Similar is the case of the hydrogen charged sample with magnetic field applied 

along the width axis (Figure 5.28 (b)), where the intensity is little less than in the case of 

Figure 5.25 (b), but is still high enough to saturate the detector.  
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5.7 Tensile Test Results 

Tensile tests were carried out on Fe-15 at.% Ga polycrystalline samples in four 

different test conditions. The load versus displacement data acquired by the computer 

connected to the Instron machine were used to calculate the tensile stress and tensile 

strain. The tensile stress (σ) and tensile strain (ε) are given by equations (5.4) and (5.5), 

respectively. 

 

)MPa(
DW

P
       (5.4) 

 

L

d
                 (5.5) 

 

where, P is the load (N), W is the width of the sample (mm), D is the thickness of the 

sample (mm), d is the displacement (mm) and L is the gage length of the sample (mm). 

 From the tensile stress versus tensile strain plot, the yield strength, ultimate tensile 

strength and elongation value were found. For a quantitative estimate of the effect of 

hydrogen, HEI was also determined using the equation (5.3). 

 

5.7.1 Tensile Test Results of Fe-15 at.% Ga Polycrystalline Samples 

The consolidated tensile test results of Fe-15 at.% Ga alloy polycrystalline 

samples tested in four different test conditions are presented as tensile stress versus 

tensile strain plots in Figure 5.29. The yield strength, ultimate tensile strength and 

elongation values determined for these test samples are shown in Table 5.4.  
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Figure 5.29  Tensile test results of Fe-15 at.% Ga samples tested under various test 

conditions.  
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Table 5.4 

Tensile test results of Fe-15 at.% Ga polycrystalline samples tested under different test 

conditions. 

 

 

Test conditions 

Elongation 

(%) 

Yield 

Strength 

(MPa) 

 

Ultimate 

Tensile 

Strength 

(MPa) 

Hydrogen 

Embrittlement 

Index 

Annealed sample, with 

neither hydrogen charging 

nor magnetic field 

28 425 500 - 

Annealed sample, with 

hydrogen charging 

9 450 525 68 

Annealed sample, with 

hydrogen and magnetic field 

9 450 525 68 

As-rolled sample, with 

hydrogen charging 

6.5 800 825 77 
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 The tensile test result of the as-annealed sample shows a yield strength value of 

425 MPa, an ultimate tensile strength of 500 MPa and elongation of 28 %. These 

properties are comparable to that of mild steel. The excellent ductility with high strength 

levels makes its suitable for sensor, power generation and actuator applications. The 

annealed sample tested with hydrogen charging is seen to have a yield strength value of 

450 MPa, an ultimate tensile strength of 525 MPa with an elongation of 9 %. This result 

was the same in the case of the annealed sample tested with hydrogen charging and 

magnetic field. Therefore, it is observed that the presence of hydrogen drastically reduces 

the ductility of these alloys. This is well reflected in the HEI for this test condition being 

about 68. However, this decrease in ductility is accompanied by a slight increase in the 

strength. The as-rolled sample tested with hydrogen charging is seen to have a yield 

stress value of 800 MPa and an ultimate tensile strength value of 825 MPa with an 

elongation of about 6.5 %. This shows that in case of the as-rolled sample tested with 

hydrogen, the decrease in ductility and increase in strength is even more drastic and is 

about twice the magnitude observed in the case of the annealed alloy that was hydrogen 

charged. The HEI in this case is about 77. 

 The increase in strength can be attributed to the dislocation core pinning effect as 

reported by Hirth [80]. In the case of hydrogen charged samples, the hydrogen in the 

metal lattice pins the dislocation, thereby causing an increase in strength. In the case of 

the as-rolled sample, high dislocation densities present in the as-rolled alloy results in 

enhanced hydrogen trapping and higher hydrogen levels. Higher level of pinning of 

dislocations leads to the enormous increase in the strength level observed. Similar 
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observation of increase in strength was observed on 316L austenitic stainless steel by 

Matsuo et al. [81]. 

 The samples with hydrogen charging in the presence of magnetic field did not 

seem to have much change in the ductility or strength values compared to those without 

magnetic field. But the effect of magnetic field was observed in case of Fe-17.5 at.% 

single crystal samples. This can be attributed to the polycrystalline nature of the sample, 

in which the orientation of each grain is nearly random, and the relatively low magnetic 

field that could be applied using the solenoid coil due to spatial constraints.  

 

5.7.1.1 SEM Fracture Studies  

 Figures 5.30, 5.31 and 5.32 show the fracture surfaces of the Fe-15 at.% Ga alloy 

samples after tensile tests under various test conditions. The fracture surface of the 

hydrogen charged samples (Figures 5.30 (b), (c) and (d)) show brittle cleavage failure 

compared to the as-annealed surface showing plastic deformation typical of a ductile 

fracture (Figure 5.30 (a)). The fracture surface of the as-annealed sample (Figure 5.31 

(a)) shows a combination of intergranular and transgranular mode of fracture, showing 

ductile tearing. The fracture surface of the as-rolled and hydrogen charged sample 

(Figure 5.31 (b)) shows a quasicleavage mode of brittle fracture. The fine tear ridges seen 

in the interior of the grains are typical of hydrogen embrittlement. There is not much of a 

difference seen between the fracture surfaces of annealed and hydrogen charged sample 

(Figure 5.32 (a)) compared to that with the presence of magnetic field (Figure 5.32 (b)). 

Grains are equiaxed and the fracture has closely followed grain boundaries, showing a 

predominantly intergranular fracture typical of hydrogen embrittlement. 
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(a) (b) 

       

(c) (d) 

 

Figure 5.30  SEM fracture surface images of tensile tested Fe-15 at.% Ga alloy 

samples: (a) as-annealed; (b) as-rolled and hydrogen charged; (c) annealed 

and hydrogen charged; and (d) annealed and hydrogen charged in the 

presence of magnetic field. 
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(a) 

 

(b) 

 

Figure 5.31  SEM fracture surface images of tensile tested Fe-15 at.% Ga alloy 

samples: (a) as-annealed; and (b) as-rolled and hydrogen charged. 
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(a) 

 

(b) 

 

Figure 5.32  SEM fracture surface images of tensile tested Fe-15 at.% Ga alloy 

samples: (a) annealed and hydrogen charged; and (b) annealed and 

hydrogen charged in the presence of magnetic field. 



 

 

CHAPTER 6 

 

CONCLUSIONS 

 

6.1 Three-Point Bend Test Results of Fe-17.5 at.% Ga Alloy 

 Single Crystals 

The effect of hydrogen and magnetic field on the mechanical properties of the 

[001] oriented Fe-17.5 at.% Ga alloy single crystal was studied using the three-point bend 

tests. The Fe-17.5 at.% Ga single crystal was grown using the vertical Bridgman 

technique and oriented samples for the three-point bend test were cut and polished. The 

prepared samples had one of the edges oriented within 0.3° from the [100] direction, 

whereas the other two edges were 6° away from the [010] and [001] directions, 

respectively. This alloy shows a large low-field magnetostriction coefficient value (3/2) 

100 of about 359x10
-6

. The saturation magnetization value for the Fe-17.5 at.% Ga alloy 

was measured to be 173 emu/g. The transmission electron microscopy results show that 

the single crystal consists of a single phase (α-Fe phase). 

Hydrogen charging in these alloys resulted in a drastic reduction of ductility and 

strength. The sample tested without hydrogen charging and magnetic field has a 

maximum bending stress of about 210 MPa and a bending strain of about 1.4 %. The 

sample tested with hydrogen charging has a maximum bending stress of about 132 MPa 

at a strain value of 0.9 %. This alloy has a hydrogen embrittlement index of 35.7. The  
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mode I cleavage fracture occurred along the (001) plane, and the observed maximum 

bending stress of about 132 MPa sets the upper bound for cleavage stress in this alloy. An 

applied magnetic field increases the bending strain value by about 10-20 % along with an 

increase in the cleavage stress value by about 20-25 %. This is associated with the 

changes in elastic modulus with applied field due to the large magnetostrictive nature of 

the sample. The fracture behavior is affected by the direction of applied magnetic field on 

the hydrogen charged samples, but it is difficult to interpret this result because of the 

gradual variation of stresses present from tensile to compressive in the bend test 

configuration. Detailed mathematical modeling is necessary to predict the magnetic 

domain structure in the presence of such stresses. Hydrogen embrittlement was 

characterized by a change in fracture surface from a ductile dimpled fracture surface to a 

brittle cleavage type fracture surface. The acoustic emission signals obtained appear to be 

consistent with the fracture behaviors.  

 

6.2 Tensile Test Results of Rolled and Annealed  

Fe-15 at.% Ga Alloy 

The effect of hydrogen and magnetic field on the mechanical properties of 

polycrystalline Fe-15 at.% Ga alloy samples were studied, using tensile tests. 

Electrochemical charging of hydrogen in these alloys resulted in a drastic reduction of 

ductility and strength. Increase in strength with hydrogen charging is observed, which is 

attributed to the dislocation core pinning effect, where the trapped hydrogen tends to 

increase the strength of the alloy by pinning of dislocations. This effect is drastic with a 

larger increase in strength in the case of as-deformed alloys, which is due to high 
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dislocation density in as-deformed alloy and high levels of hydrogen trapping by 

dislocations. Hydrogen embrittlement in these alloys was characterized by a change in 

fracture surface from a more ductile to a brittle cleavage type fracture. The effect of 

applied magnetic field seems to be relatively small in the case of polycrystalline annealed 

Fe-15 at.% Ga alloy. This could be attributed to the polycrystalline nature of the sample, 

in which the orientation of each grain is nearly random. This could also be due to a 

relatively low magnetic field that could be applied using the solenoid coil, due to spatial 

constraints.  

 

6.3 Three-Point Bend Test Results of AISI 4340 Steel 

 The effect of hydrogen and magnetic field on the mechanical properties of AISI 

4340 steel were studied on four sets of samples tested under five different test conditions, 

using the three-point bend test. This was carried out to check and validate the testing 

procedures prior to testing Fe-17.5 at.% Ga single crystals. The AISI 4340 steel sample 

tested with neither hydrogen charging nor magnetic field was observed to have a 

maximum bending stress of 438 MPa at a corresponding bending strain of 3.8 %. The 

effect of magnetic field on the sample tested without hydrogen charging was seen to be 

negligible. The sample tested with hydrogen charging was seen to have a drastic 

reduction in bending stress and bending strain values. The HEI for the sample tested with 

hydrogen charging shows a very high value of 76.32, indicating that the presence of 

hydrogen affects the material ductility drastically, and this alloy is highly prone to 

hydrogen embrittlement. The samples tested with hydrogen charging and magnetic field, 

applied both along the length axis and along the width axis, had similar bending stress 
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and bending strain values to that of the hydrogen charged sample tested without magnetic 

field. The HEI for hydrogen charged samples with and without magnetic field are similar. 

The fracture surfaces of the bend test sample shows that the hydrogen embrittlement in 

this alloy was characterized by a change in fracture surface from a more ductile to a 

brittle cleavage type fracture. The acoustic emission events observed are consistent with 

the fracture behavior and energy consumed during the fracture process.  

 

 

 

 

 

 

 



 

 

APPENDIX  

 

MAGNETIC TERMS - CONVERSION OF UNITS 

 

Magnetic term Symbol SI CGS 

Conversion 

factor 

Magnetic field H A/m Oe 

1 A/m =  

4π/10
3
 Oe 

Magnetic 

induction 

B T G 1 T = 10
4
 G 

Magnetization M A/m emu/cm
3
 

1 A/m = 

10
-3

 emu/cm
3
 

Mass 

magnetization 

σ Am
2
/kg emu/g 

1 Am
2
/kg = 

1 emu/g 

Magnetic 

moment 

m Am
2
 emu 

1 Am
2
 = 

10
3
 emu 
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Volume 

susceptibility 

k dimensionless dimensionless 

4π (SI) = 

1 (CGS) 

Mass 

susceptibility 

χ m
3
/kg emu/oe.g 

1 m
3
/kg = 

10
3
/4π emu/oe.g 

Permeability of 

free space 

µ0 H/m dimensionless 

4π x 10
-7

 H/m = 

1 (CGS) 
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