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ABSTRACT 
 

The main purpose of the present thesis is to reveal the microstructural refinement 

and mechanical behavior improvement of metallic materials, some of which are difficult 

to work, through severe plastic deformation. Constrained Groove Pressing is 

implemented in this study as a Severe Plastic Deformation method. Five different routes 

of Constrained Groove Pressing are planned to analyze the route effect on the materials. 

In this research, three different materials, namely AISI 304 stainless steel, Ti-15V-3Cr-

3Sn-3Al and commercially pure zinc, are studied at room temperature. After 

microstructure and mechanical behavior of the samples are examined through optical 

microscopy, tension and erichsen tests and microhardness measurements, the underlying 

mechanisms are analyzed.  

CGP process of AISI 304 and Ti-15V-3Cr-3Sn-3Al results in a slight grain 

refinement while a comparatively high refinement has been observed for commercially 

pure zinc. Also, CGP routes have been significantly effective for only pure zinc samples 

in dictating grain sizes. After deformation, mechanical twinning activation has taken 

place for stainless steel and pure zinc samples. Twins recorded in AISI 304 with FCC 

lattice structure are thinner and sharper than that of commercially pure zinc with HCP 

lattice structure. Strain path is not considerably effective for AISI 304 samples. For pure 

zinc samples, twins are thinner for the routes A, C and D, compared to the other routes 

after the final pass. They are also rather thick and few in number after the first pass. 

Moreover, intensity of twins is relatively low for route E. 

It has been observed that CGP causes comparatively high strength increase in AISI 

304 which has an FCC crystal structure, but lower increase in both Ti-15V-3Cr-3Sn-3Al 

and commercially pure zinc having BCC and HCP crystal structures, respectively. For 
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AISI 304, the best strength improvement is nearly 41% occuring in TD for route C. For 

Ti alloy, the highest strength increase is about 16%, occurring in LD for routes D and E. 

For pure zinc, the best strength improvement is nearly 28% in TD belonging to route D. 

This study mainly aims to demonstrate the effect of several novel CGP routes on 

the metals having different crystal structures by analyzing the relationship between 

resulting microstructures and mechanical properties. 
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ÖZET 
 

 Bu tez çalışmasının temel amacı, aşırı plastik deformasyon yoluyla, bazılarının 

işlenmesi zor olan metalik malzemelerin mikro yapısal inceltimi ve mekanik davranış 

gelişimini ortaya koymaktır. Sınırlı Kanallı Presleme (SKP), bu çalışmada bir Aşırı 

Plastik Deformasyon (APD) yöntemi olarak uygulanmaktadır. Malzemeler üzerindeki 

rota etkisinin analiz edilmesi için beş farklı Sınırlı Kanallı Presleme rotası planlanmıştır. 

Bu araştırmada, AISI 304 paslanmaz çelik, Ti-15V-3Cr-3Sn-3Al ve saf çinko olmak 

üzere üç farklı malzeme oda sıcaklığında çalışılmıştır. Numunelerin mikro yapı ve 

mekanik davranışları optik mikroskopi, gerilim ve eriksen testleri ve mikro sertlik 

ölçümleri ile incelendikten sonra altta yatan mekanizmalar incelenmiştir. 

 AISI 304 ve Ti-15V-3Cr-3Sn-3Al'nin SKP prosesi, zayıf bir inceltme ile 

sonuçlanırken, saf çinko için nispeten yüksek bir inceltme gözlemlenmiştir. Ayrıca, SKP 

rotaları, tane boyutlarının belirlenmesinde sadece saf çinko numuneleri için önemli 

ölçüde etkili olmuştur. Deformasyondan sonra, paslanmaz çelik ve saf çinko numuneleri 

için mekanik ikizlenme aktivasyonu gerçekleşmiştir. YMK kafes yapısına sahip olan 

AISI 304'te kaydedilen ikizler, HCP kafes yapısına sahip saf çinkodan daha ince ve daha 

keskindir. Gerinim rotası, AISI 304 numuneleri için fazla etkili değildir. Saf çinko 

numuneleri için, son pasodan sonra ikizler A, C ve D rotaları için diğer rotalara kıyasla 

daha incedir. İlk pasodan sonra da oldukça kalın ve az sayıdadır. Ayrıca, ikizlerin 

yoğunluğu, rota E için nispeten düşüktür. 

 SKP'nin, YMK kristal yapısına sahip olan AISI 304'te nispeten yüksek 

mukavemet artışına neden olmasına karşın hem HMK kristal yapısına sahip olan Ti-15V-

3Cr-3Sn-3Al'de hem de ASD kristal yapısına sahip olan saf çinkoda daha düşük bir artışa 

neden olduğu gözlenmiştir. AISI 304 için, TD'de en iyi mukavemet iyileştirmesi % 41'dir. 

Ti alaşımı için, en yüksek mukavemet artışı, D ve E rotaları için LD'de meydana gelmiştir 
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ve yaklaşık %16'dır. Saf çinko için, en iyi mukavemet iyileştirmesi D rotasına ait TD'de 

yaklaşık %28'dir. 

 Bu çalışmanın amacı, birçok yeni SKP rotasının, ortaya çıkan mikroyapılar ve 

mekanik özellikler arasındaki ilişkiyi analiz ederek farklı kristal yapılarına sahip metaller 

üzerindeki etkisini ortaya koymaktır. 
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CHAPTER Ⅰ 

INTRODUCTION 
 

1.1. Background 

Enhancing mechanical properties of metals and alloys is essential as they are 

widely utilized in industries ranging from automobile to aerospace [1]. One way to 

produce materials with superior mechanical properties is reducing their average grain size 

to ultra-fine grain (UFG) range. UFG materials can be synthesized by two ways, viz., 

bottom-up approach and top-down approach. The nano-structure is produced through 

atom-by-atom and layer-by-layer arrangements in the bottom-up approach, which is 

unsuitable for industrial manufacturing since porous structure is often observed in this 

approach [2-4]. Among the methods of the top-down approach, which is free from this 

disadvantage, Severe Plastic Deformation (SPD) is an efficient way [5-7].   

The principle of SPD methods entails increasing dislocation density by heavy 

uniform deformation, forming intense dislocation walls, and obtaining ultra fine or nano-

scale microstructure [8]. The advantages of materials produced by SPD are superior 

properties like high strength and hardness, non-porous structure and proper dimensions 

for mechanical and physical testing [9, 10]. However, these materials have limited 

ductility [11, 12].  

Grain size of materials is generally decreased to nano-scale after the SPD 

processes, thus X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

are utilized for microstructural evaluation [13]. However, grain size after proccessing of 

some materials is in the micro-scale [14, 15]. Therefore, optical microscopy can be 

sufficient in these kind of cases. 
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The basic principles underlying SPD techniques go back to the work by P.W. 

Bridgeman at Harvard University in the 1930s. This study examined the effects of 

combining large hydrostatic pressures with concurrent shear deformation on solids 

leading the researcher to receive the Nobel Prize in Physics in 1946 [16]. First successful 

implementations of these principles were introduced in 1980s [17, 18]. Since then, many 

SPD methods, e.g., equal-channel angular pressing (ECAP) [19-23], high pressure torsion 

(HPT) [24-30], severe torsional straining (STS) [31-34], accumulated roll-bonding 

(ARB) [35-40], multi-directional forging (MDF) [41, 42], cyclic extrusion compression 

(CEC) [43-46], repetitive corrugation and straightening (RCS) [47-50], twist extrusion 

(TE) [51-53], constrained groove rolling (CGR) [54], constrained groove pressing (CGP) 

[55] and so on, have been developed. Among them, CGR, RCS, ARB, CGP are utilized 

to process sheet metals. Of these, CGP is one of the most convenient methods for 

fabricating plate shaped materials with attractive properties.     

1.2. Principles of Constrained Groove Pressing 
 

1.2.1. CGP Process 

The CGP technique was initially introduced by Shin et al. [55]. The deformation 

principle of CGP method can be seen in Figure 1.2.1.1(a), which shows the top view of 

the sample sheet pressed between a pair of grooved dies and a pair of flat dies alternately. 

Large amounts of strain can be accumulated in the sheet metals without changing their 

dimensions via this method. 

The groove angle (θ) of the die is mostly designed as 45°. If a full stroke pressing 

is implemented for the sample, it yields a shear strain of 1 in the deformed region. This is 

equivalent to an effective strain of 0.58. After the sample is corrugated, it is straightened 

by means of flat dies. This operation causes a reverse shear deformation for the already 
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deformed region while the undeformed region remains unaffected. The effective strain of 

the deformed region after this flattening gets the value of 1.16 (the darkest blue areas in 

Figure 1.2.1.1). Afterwards, the sample is rotated 180° about the axis perpendicular to 

plane of the sample allowing the deformation of the undeformed area because of 

asymmetry of the grooved die (can be seen in Figure 1.2.1.1(b)). The same corrugating 

and flattening processes are applied for the undeformed region resulting in a 

homogeneous effective strain of 1.16 throughout the sample. These four pressings are 

called one pass [56].      

 

 

Figure 1.2.1.1: Schematic representation of a single pass of a CGP Route: (a) top view 
of the sample and the accumulated strain amounts; (b) side view and the parameters of 
the process  

1 2

3 4
pressing
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as-received
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θ
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h
w

1 2

3 4
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Accumulated strain amounts on the indicated regions of the sample after each 

pressings and some basic parameters are simply depicted in Figure 1.2.1.1. CGP process 

can be altered by changing the parameters such as groove angle (θ), thickness of the sheet 

(t) and groove depth (h) (Figure 1.2.1.1(b)). Pass number and route of the passes can also 

be changed in order to see the effect of accumulated strain and different routes. 

From the many possibilities, two basic routes which are shown schematically in 

Figure 1.2.1.2 are utilized in the literature. Route A is the conventional route, while route 

B is called as the cross route [61]. Pass numbers can be different according to the study.  

 

Figure 1.2.1.2: Description of general CGP Routes 

 

The normal direction, transverse direction and the longitudinal direction is as 

indicated in Figure 1.2.1.3. Considering the normal direction as the normal direction of 

the sample, the longitudinal direction is defined to be perpendicular to the edges of the 

grooves, and the transverse direction to be parallel to the grooves.  
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Figure 1.2.1.3: Definition of the directions on the die 

 

1.2.2. Definition of Strain Imposed and Various Die Structures 

In the previous section, it is stated that a pass of CGP induces an effective strain 

(εeff) of 1.16 throughout the sample. The εeff  is calculated in this section.  

Initially, the geometric parameters of the die and the sheet specimen are specified 

as given in Figure 1.2.1.1.(b). 

Thickness of the sample = t 

Groove angle = θ  

Groove width = w 

Groove height = h 

Interface distance between the grooves = d 

The sample is subjected to orthogonal shear deformation when pressed between 

the grooved dies [57]. The schematic of shear straining of the sample can be seen in Figure 

1.2.2.1.  Dies with groove angle of 45° are utilized for most of the studies. For these dies, 

if a full-stroke pressing is conducted, shear angle (γ) will be equal to 45°, which causes 

an engineering shear strain, γ=1 (see Eq. (1)). 
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Figure 1.2.2.1: Schematic of shear straining of the sample 

  γxy =  
୲

ୢ
= tan 45° = 1                                               (1) 

The effective strain, which is simply the total true strain minus the recoverable 

strain, for this engineering shear strain value is 0.58, as shown in Eqs. (2) and (3) [57]. 

        εୣ୤୤ = ට
ଶ

ଽ
 ቂ൫ε୶ − ε୷൯

ଶ
+ ൫ε୷ − ε୸൯

ଶ
+ (ε୸ − ε୶)ଶቃ +

ସ

ଷ
 [εଶ

୶୷ + εଶ
୷୸ + εଶ

୸୶  ]    (2) 

In this formula εxy = γxy/2 and assuming the deformation as simple shear with no 

transverse and longitudinal expansion [58] (i.e., εx= εy= εz= εyz= εzx=0), Eq. (2) would be 

as follows for an angle of 45°: 

                                εୣ୤୤ = ට
ଵ

ଷ
= 0.577 ≈ 0.58                    (3) 

However, shear angle can vary due to the groove angle, the amount of stroke or 

springback. Therefore, the following equation can be used as a general expression for any 

angle [59]: 

εୣ୤୤ =
୲ୟ୬஘

√ଷ
                                                      (4) 

According to this formula, the total effective strain accumulated in a sheet 

specimen pressed by n passes is presented as [59]: 

ε୲୭୲ୟ୪ = n
ଶ୲ୟ୬

√ଷ
                                  (5) 

d
t

𝟒𝟓°
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 If the shear angle of the material after one press is 20°, for example, the imposed 

strain on the inclined region of this material will be around 0.21 due to Eq.(4). If four 

CGP passes are applied to this material, the total accumulated effective strain on it 

becomes 1.68 according to Eq.(5).     

Shear angle formed on the sample may be different from the die angle because of 

the the factors such as amount of stroke, and springback rate of the material. Finite 

element simulations of the influence of half die stroke is depicted for commercially pure 

Ni sheet in Figure 1.2.2.2 [59]. The effective strain amounts of this pressing for one pass 

are lower than those of the full stroke pressing. However, there are some adventages of 

altering the stroke. As the imposed strain would be lower after one pass, the number of 

passes can be increased to reach a significant strain value without cracking. Thus, the 

maximum strain amount that can be accumulated to a material without failure can be 

determined much more sensitively. Moreover, severe plastic deformation of difficult-to-

work metals can be successfully accomplished without increasing the temperature. Also, 

the surface of the material would be smoother since the traces of the groove edges on the 

material become less noticeable. Springback of the sample also diminishes the expected 

strain amount. For example, on condition that the groove angle is 45°, and the inclined 

regions of the material have an angle of 40° due to the springback effect after one 

pressing, only the value of 40° is taken into consideration for strain calculations. 

 

Figure 1.2.2.2: Effect of half die stroke on effective strain [59] 
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The parameters of the die such as groove width or groove angle can be altered for 

the CGP process. Numerical analysis results of one CGP pressing of a sample are seen in 

Figure 1.2.2.3 for different groove widths [59]. The effect of the groove width-to-sample 

thickness ratio on the amount and distribution of the effective strain seems to be quite 

different. For the small values of this ratio, the effective strain on the inclined region is 

higher and more regularly distributed.   

 

 

Figure 1.2.2.3: Effective strain distributions of first groove pressed samples for different 
groove widths [59].  
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Groove angle can also be changed for the CGP operation. Figure 1.2.2.4 shows 

the effects of different groove angles on effective strain while the groove widths are the 

same [59]. In this case, the effective strain amount and distribution on the same sample 

change again with the alteration of the groove angle.  

 

Figure 1.2.2.4: Effective strain distributions of first groove pressed samples for different 
groove angles [59] 
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1.2.3. Stress-Strain State Analysis of CGPed sample 

The strain and deformation modes in the sample are not totally uniform. The 

deformed region has pure shear, while bending and streching take place at the corners 

(Figure 1.2.3.2). These different regions can produce different grain sizes, thus, different 

properties [60]. 

 

Figure 1.2.3.1: Regions of different deformation modes in the workpiece [60] 

 

 The dimensions of these regions may be different when the pressing is not full 

stroke. Bending and stretching regions may be broader in this case resulting in a higher 

nonuniformity, but the surface quality might be better because of the smoother edges.  

 Another subdivision is proposed based on the stress-strain state. Treating the 

deformation of interface location as the bending operation of wide sample, each half of a 

groove cycle is segmented into Regions I, II and III. The cubic stress and plane strain 

(ε2=0) states on the regions of the grooved sample are described in Figure 1.2.3.2 [14].  

 During CGP, the outer region of the sample is in tension, and the inner region is 

in compression. In Region I, a tensile tangential stress (σ1) is observed as the maximum 

principle stress, and a tensile tangential strain (ε1) as the maximum principle strain. On 

the contrary, a compressive σ1 and a compressive ε1 is seen in Region II. Pure shear 

deformation occurs for Region III under plane strain condition. For the flattening process, 
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Region I replaces Region II, and vice versa. Region III is subjected to reverse shear 

deformation in this case [14].  

 

Figure 1.2.3.2: Stress-strain state analysis of grooved sample [14] 

 

1.3. Deformation Mechanisms 

 There are two common plastic deformation mechanisms in crystals: slip and 

twinning. These mechanisms should be thoroughly understood to comment on the 

resultant mechanical behaviour [65].  

1.3.1. Slip Mechanism 

 Plastic deformation is generated by dislocation motion in a process called slip, 

which includes sliding one plane of atoms over other planes (slip planes) in 

crystallographic directions (slip directions) (see Figure 1.3.1.1). 
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Figure 1.3.1.1: Motion of atoms during dislocation slip 

In Figure 1.3.1.2, the unit vector d stands for the slip direction of the plane, and 

the unit vector n represents the normal of the slip plane. The material can be considered 

to be continuous if the slip direction is on the slip plane [62].  

 

Figure 1.3.1.2: Demonstration of slip elements of a cyrstal under uniaxial tension 

 

            Sliding of a slip is triggered with a particular value of stress τr. This particular 

stress value is called critical resolved shear stress, which can be calculated by Schmid’s 

Law [63]: 
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τr = σ.cos λ.cos φ                                                  (6) 

λ is the angle between the tensile axis and the slip direction, and φ is the angle 

between the tensile axis and the slip plane normal as shown in Figure 1.3.1.2. In the 

Eq.(6), cos λ.cos φ is termed as the Schmid factor. According to this law, slip process 

begins when the greatest Schmid factor is reached [65].  

 Slip systems are comprised of slip planes and slip directions. Both the slip 

directions and the slip planes have significant crystallographic structures. Density of 

atoms in a slip plane is the highest comparing to the other planes. The slip direction is the 

direction that corresponds to one of the smallest lattice translation vectors in the slip plane 

[64].  

 Three types of slip systems exist: 

 Face-centered cubic (FCC) slip – it is seen on the close-packed plane. 

There are 12 slip systems in FCC crystals. Some examples are Cu, Al, Ni, 

Stainless Steel 304, etc. 

 Body-centered cubic (BCC) slip – are on the plane of the shortest Burgers 

vector. It has 12 slip systems, and includes materials such as very low 

carbon steel and β-Ti. 

 Hexagonal close packed (HCP) slip – more restricted than the other 

crystal structures. Slip occurs mostly on the densely packed basal planes. 

The total number of the slip systems is 3. Mg and Zn are the two examples 

that have the HCP structure [64].  
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Figure 1.3.1.3: Unit-cell geometries and the main slip planes of (a) FCC, (b) BCC and 
(c) HCP crystals 

 

The slip planes and slip directions of these different crystal structures are tabulated 

below. The occurence of slip is also stated for the specific slip planes here. In Figure 

1.3.1.3, these slip planes are schematically shown in the related unit-cell structures. 

Table 1.3.1.1: Slip elements in different crystal structures. 

 

 Slip is observed along the <110>{111} system, which is composed of 12 discrete 

systems, for fcc metals. For bcc geometry, slip occurs along the <111> direction. The slip 

planes containing this slip direction are {110}, {112} and {123}. In hcp crystals, slip 

takes place on the close packed basal plane (0001). It can also be observed on the {11ത01} 

or {11ത00} plane families. Also, the slip direction is <112ത0> for all these planes [65].  

crystal occurence slip planes slip directions

FCC {111} <110>

BCC
more common 
less common

{110}      
{112},{123}

<111>

HCP
more common 
less common

basal plane 
prismatic& 

pyramidal planes

close packed 
directions
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It is a fact that the structure reorients itself during deformation. An fcc crystal 

exposed to uniaxial compression and tension is taken into consideration [63, 67]. In 

Figure 1.3.1.4, the tensile axis is shown in the stereographic triangle having the corners 

[100], [110] and [111]. The primary slip system in the triangle is [101](111ത) system since 

it has the greatest Schmid factor among all the orientations. If the axis of tensile force 

applied is on a boundary of the basic triangle, two systems are considered as equally 

favored. The most favored second system of the mating triangle is defined as the 

conjugate system [65].   

  

Figure 1.3.1.4: Schematic of slip systems for fcc cyrstals [65] 

 

 There are three other systems, which are the cross slip system, the coplanar system 

and the critical slip system [63, 67]. The cross-slip system, namely [101] (11ത1ത), can be 

triggered if a screw dislocation activating along the primary system comes across an 

obstacle and passes through the cross slip plane [65]. Cross slip process in an fcc material 

is shown in Figure 1.3.1.5.  
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Figure 1.3.1.5: Cross slip in an fcc crystal [66] 

 

Coplanar slip systems share the primary slip system with distinctive slip 

directions. If a tensile force is exerted into a crystal, the tensile axis orientation alters, and 

follows the primary slip direction. On the other hand, because of limitations, the tensile 

axis does not change, and the crystal rotates. As a result, a primary slip on [101] (111) 

leads to a rotation for the tensile axis toward [101] direction. When it approaches the 

boundary [100]-[111], the conjugate and primary systems can be equally favored. 

Therefore, the synchronous influence of [100] and [110] slips induce a rotation toward 

[211] on the boundary line. This is a characteristic behavior for fcc crystals, but there may 

be some exceptions for the materials which possess fcc crystals due to their stacking fault 

energy. For the materials having high stacking fault energy, conjugate slip occurs before 

arriving the [100]-[111] boundary. On the other hand, an overshoot may be observed on 

the conjugate triangle for low stacking fault energy materials before reaching the stable 

[211] orientation. These kinds of abnormalities occur because there may be hardening 

differences caused by slip between the conjugate and primary systems. In Figure 1.3.1.6, 

the crystal rotation during tension and compression is depicted schematically [65].  
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Figure 1.3.1.6: Single crystals loading. (a) rotation of the axis to [211] in tension, (b) 
rotation of the axis to [110] in compression [63]. 

 

 

Rotation of axis toward the normal of the primary plane is observed during 

compression. The axis of compression rotates to [111] until it approaches the [100]-[110] 

line. The critical and primary slip systems are favored equally at this point. A rotation 

toward [110] stable end orientation occurs progressively because of the simultaneous 

effect of these systems. Slip can occur on different systems when the stresses on them are 

the same and reach the critical value. Two slip systems are activated on the basic triangle 

boundary lines, while several other systems are operated for corners. Eight systems are 

activated with a uniaxial stress along [001], six systems are activated with a stress along 

[111], and four systems are activated with a stress along [011] [62, 67]. There is a 

difference between the slip in polycrystalline materials and the slip in single crystals. For 

polycrystalline materials, more constraints are imposed on different crystals. 

Displacements through grain boundaries should be matched to satisfy compatibility. It 

can be inferred that grain boundaries limit the flow so that higher hardening and yield 

stress values are determined in polycrystals [63, 67, 68].  
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1.3.2. Twinning Mechanism 

Twinning is a plastic deformation mechanism observed basically at high 

deformation rates and low temperatures [63, 67-69]. Twin regions are like mirrors for the 

lattice orientation at one side as seen in Figure 1.3.2.1.  

 

Figure 1.3.2.1: Motion of atoms during deformation twinning 

 

 The non-twinned region is defined as the matrix. Shear deformation occurs on 

crystallographic planes for both twinning and slip, but there are a few differences. Shear 

displacement in twinning is a ratio of the distance between atoms, whereas slip 

displacement is a total multiple of the burgers vector’s length. Contrary to slip, there is 

directionality for twinning. For example, twinning is observed along the direction of 

[112ത] on the (111) plane in fcc structures, but it does not occur along the [1ത1ത2] direction. 

On the other hand, slips on the same plane along opposite directions are equivalent. In 

addition, the lattice is suddenly reoriented in twinning unlike slip, which has gradual 

rotation [63, 70].  
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Figure 1.3.2.2: Formal twinning notation, depicting a homogeneously sheared 
hemisphere [63] 

 

 The hemispherical crystal exposed to twinning shear and the ellipsoidal shape 

which is the distorted appearance of this crystal is described in Figure 1.3.2.2. K1, K2, η1, 

η2 are the elements of twinning here. The plane including η1 and η2 and the normals of K1 

and K2 is the shear plane. K1 is the mirror plane (twinning plane) which remains 

undistorted like the plane K2. Twinning occurs on K1 and along shear direction η1. The 

other direction, η1 is on the K2 plane and perpendicular to the intersection line of K1 and 

K2. Before and after twinning, only η2 direction on K2 plane makes the same angle with 

any direction on K1 plane [71]. Different crystal structures have different twinning planes 

and directions as seen in Table 1.3.2.1.      

Table 1.3.2.1: Twinning elements in different crystal structures. 

crystal K1 K2 η1 η2 

FCC {111} {111ത} <112ത> <112> 

BCC {112} {112ത} <111ത> <111> 

HCP {101ത2} {1ത012} <101ത1> <1ത011> 
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 The form of twins are usually sharply pointed and lenticular because of two main 

factors. One of them is the strain energy produced at the twin-matrix interface and the 

other is the introduction of a novel surface and the resultant surface energy. The energy 

required is minimized when the twin is long and narrow. It is asserted that the twins in 

fcc and bcc crystals are thin, while hcp twins are thicker [70, 71].  

 Twinning behavior is affected by various factors. These are strain rate; grain size; 

temperature; crystal orientation; alloy composition and texture. All these parameters 

influence the way the metal deforms. From this perspective, stacking fault energy is an 

essential factor for twinning deformation. In low SFE metals, linear dislocation arrays 

and stacking faults are observed in contrast to high SFE metals, in which cross-slip is 

observed and random dislocation networks are shaped [69].   

Twinning activity is usually increased at low temperatures because of less increase 

in the stress necessary for twinning compared to the increase in the stress necessary for 

slip. Planar dislocations, which decline the cross-slip ability of a material leading to early 

onset of twinning, may also be formed due to the decrease of deformation temperature. 

Local fine twins are formed in fcc metals having low SFE at low temperatures but thicker 

twins with localized flow may be seen at higher temperatures [69, 71].  

 An fcc metal having high SFE does not twin under normal conditions. However, 

in shock loaded Al-Mg alloys, twinning has been observed due to the solid solution 

strengthening and the increase in flow stress at low temperatures under dynamic loading 

[72]. As seen in slip, twinning is obstructed at grain boundaries, too. Moreover, the twin 

size is restricted by the size of the grains, and in refined structures, shorter twins are 

observed. Twinning acts like the grain boundaries which hinders growing twins and slip. 

As a result, it causes strengthening and high work hardening [65]. 
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1.4. Deformation Texture in Metals 

 Crystallographic texture of a material is formed during deformation, phase 

transformation, solidification, recrystallization and grain growth. After 

thermomechanical treatments, deformation textures are formed and gain importance 

because of their influence on the mechanical properties. Textured metals generally show 

anisotropic behaviors. The factors affecting deformation texture are chemical 

composition, crystal structure, the rate, nature and quantity of the temperature and 

deformation [63].  

Rather than rolling textures, torsion textures may give insight about texture 

formation after CGP, since it includes simple shear. In the following section, effects of 

CGP on the evolution of texture are discussed.    

1.5. Effects of CGP on Texture and Formability 

 CGP alters the material texture. The sheet metal properties vary due to the testing 

direction of the material as stated by Park et al. [73]. This anisotropy is associated with 

the main crystallographic texture of the sample. The formation of the texture after CGP 

process is not only based on the amount of deformation on the material under the various 

passes, but also on the structure of the dies [56].  

Resistance to thinning is denoted by r, which is defined as the ratio of strain of the 

width to the thickness of a sample under uniaxial tension [77]. If this value is high, 

formability of the material will be better. Several methods including groove pressing can 

increase this r value [56, 57]. Some studies on the correlation between the texture and the 

formability are conducted by Singh et al. [74, 75]. In addition, one of the most prominent 

works on drawability after groove pressing is carried out by Niranjan et al. [57]. 
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Controlling the texture of the metal is the most substantial development in 

drawability,  a formability technique [76]. A proper texture can increase the strength of 

the sample along the thickness direction so that higher r values are obtained. The 

advantages of the materials with high r values are both providing less thinning of wall 

and reducing the load of drawing. Increasing r value is difficult for the metals of fcc 

crystal structure like aluminum and copper, since the cube texture {100} <001> is formed 

strongly during annealing after cold rolling. Especially for fcc metals, numerous methods 

have been proposed to improve the r value. These are conshearing, unidirectional shear 

rolling, continuous confined strip shearing process (C2S2), differential frictional rolling, 

asymmetric rolling and dissimilar channel angular pressing (DCAP) [78-83]. r value 

improvements of these methods are shown in Table 1.5.1.  

Table 1.5.1: Maximum r values attained by various processes [57] 

process material r value at initial 

condition 

maximum r value 

attained 

orientation 

conshearing AA1100 0.64 0.98 0° to RD 

C2S2 process AA1050 0.7 1.1 0° to RD 

unidirectional 

shear rolling 

AA5052 - 1.1 45° to RD 

differential 

frictional rolling 

AA1050 - 0.98 0° to RD 

DCAP process AA1050 0.84 1.7 0° to RD 

groove pressing AA1100 0.83 1.14 45° to RD 

 

1.6. Previous studies on AISI 304 and other FCC materials 

 Austenitic stainless steels include 0.03-0.25 wt% C, 8-20 wt% Ni and 18-25 wt% 

Cr. Amount of Ni and Cr provides oxidation resistance and high temperature strength. 

Although, some delta ferrite may be observed in the structure due to the composition and 
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thermomechanical processes applied, they are mainly austenitic at any temperature. These 

steels are non-magnetic and can be hardened via cold/warm working [84-87].  

Among austenitic steels, AISI 304 is a most broadly used in industry. It composes 

about 50% of steel manufacturing and is utilized in almost all industrial applications, 

particularly in the form of sheet. Enhancing the mechanical properties of this material 

without altering the chemical composition would affect a broad area of production in 

terms of high strength to weight ratio and low cost. This can be succeeded via a severe 

plastic deformation method. Several studies have conducted to investigate some 

properties of austenitic stainless steels after severe plastic deformation [88-90], but the 

effects of CGP on AISI 304 stainless steel have not been analyzed yet. On the other hand, 

CGP method has been implemented for many fcc structured materials like Cu, Al and Ni 

[91-93]. As mentioned in the previous sections of this work, AISI 304 stainless steel has 

fcc crystal structure, so the studies on fcc materials may give an insight about the behavior 

and properties of it. 

Krishnaiah et al. [91] used commercial purity copper to test the influence of 

groove pressing passes. After each pass, the vickers hardness values along the 

longitudinal direction were measured as demonstrated in Fig 1.6.1.(a). The average 

hardness value for the starting material was improved about two folds after the last pass. 

In Fig 1.6.1.(b), tensile property profiles with respect to pass number is seen. Yield 

strength of the annealed material increased quite a lot after the initial pass, while the 

ultimate tensile strength showed less increase. There are small decreases in the following 

passes for these parameters. On the other hand, ductility of the annealed sample 

continuously decreased. Finally, microstructures were investigated using optical and 

transmission electron microscopy (TEM) methods and it was observed that the grain size 

was diminished to about 0.5 μm from the initial 78 μm. 
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Figure 1.6.1: After room temperature testing: (a) the vickers hardness distribution along 
the longitudinal direction of the sample (b) tensile property change with pass number [91] 

 

 Morattab et al. [92] studied the mechanical property improvement and grain 

refinement of commercially pure Al. At the end of the experiments, engineering stress-

strain curves at different passes were plotted as seen in Fig 1.6.2.(a). The alteration of 

mechanical properties was also depicted in Fig 1.6.2.(b). A noticeable increase in yield 

stress and tensile strength was determined after the process. These parameters reached 

their maximum value after the third pass and then decreased slightly.  

 

Figure 1.6.2: (a) Engineering stress-strain diagram of Al specimens for all conditions (b) 
variation in tensile properties with pass number [92] 
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It was discussed that the reduction of tensile properties after the third pass occurs 

due to the reversal straining, which is a type of Bauschinger effect [94, 95]. It was also 

proposed that the reason might be dynamic recovery [96].  

 

 

Figure 1.6.3: Engineering stress-strain curves of (a) annealed Nickel specimens and (b) 
CGPed Nickel specimens. (c) Tensile properties of nickel samples with number of CGP 
pass [93].     

Mechanical behaviour of nickel sheets after CGP were investigated by Kumar and 

Raghu [93]. They have conducted three passes to annealed nickel sheets at room 

temperature and obtained the engineering stress-strain graphs as summarized in Fig 1.6.3. 

The significant improvement in strength was due to work hardening behaviour of metals. 

This improvement was continued with increasing strain since the slip motion was 

obstructed because of dislocation interactions with other dislocations and barriers [97]. 

Strain hardening behaviour of nickel is stronger than metals like aluminium as it has 

larger slip systems and lower stacking fault energy. The phenomenal increase observed 
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in strength is attributed to grain refinement and increase in dislocation density [93]. After 

the first and second passes, ductility is decreased but it significantly increased after the 

last pass. At high strains, dislocation annihilation can cause the regain of strain hardening 

ability which increases the ductility [98]. Elastic moduli of severe plastically deformed 

samples are different since grain boundary regions are volumetrically increased during 

processing [99]. Elastic modulus of the material was decreased after the third pass 

because non-equilibrium grain boundaries are rearranged to relatively equilibrium 

boundaries together with stress relaxation [100]. This is also demonstrated by the increase 

of the ductility after third pass.  

1.7. Previous studies on Ti-15V-3Cr-3Sn-3Al and other BCC 

materials 

The beta titanium alloys has been an alternative to the alpha-beta titanium alloys 

as they offer many advantages such as deep hardening potential, improved heat 

treatability and inherent ductility ascribable to their BCC lattice structure [101-103]. 

Particularly at higher strength levels, fracture toughness of beta titanium alloys is 

comparatively superior. 

The first commercial beta titanium alloy, Ti-13V-11Cr-3Al was developed in the 

1950’s [104]. Among subsequent alloys, Ti-15.5Mo-6Zr-4.5Sn (Beta III), Ti-3Al-8V-

6Cr-4Mo-4Zr, Ti-10V-2Fe-3Al and Ti-15V-3Al-3Sn-3Cr are the most outstanding ones 

[105]. Grade Ti-15V-3Al-3Sn-3Cr alloy is quite formable and has favorable bending 

properties at room temperature. It can be heat-treated and strip-rolled. This alloy was 

firstly manufactured for airframes. The other application fields contain tubing and 

tankage components, aerospace fasteners, flat-rolled products, foils, plates, castings and 

forgings [106].  
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The mechanical properties and microstructure of CGP processed beta titanium 

have not been investigated so far. However, CGP of very low carbon steel, which is 

another BCC structured material, has been studied by Khodabakhshi et Kazeminezhad 

[107]. In their research, it was stated that the coarse-grained structure of the metal was 

refined to an ultrafine grain range. Yield strength variation with increasing strain amount 

was plotted as seen in Fig 1.7.1.a. Moreover, dislocation density of the samples was 

measured and found to be effectively increased after the process (Fig 1.7.1.b). Electrical 

resistivity of the samples was also improved up to about 100% (Fig 1.7.1.c).       

    

 

Figure 1.7.1: (a) Variation of yield strength with effective strain, (b) dislocation density 
change with increasing strain, (c) electrical resistivity of the sample before and after CGP 
passes [107].     
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1.8. Previous studies on Commercially Pure Zinc and other HCP 

materials 

Commercially pure zinc was chosen to analyze the influence of CGP on 

microstructure and mechanical behavior of an HCP material. When unalloyed, the 

strength and hardness of zinc is higher than that of tin or lead, but not as high as 

aluminium or copper. In this study, it has been shown that enhancement of its mechanical 

properties is possible through a severe plastic deformation technique, which has not exist 

in literature. However, studies on another HCP material, magnesium alloy AZ31 may 

give an insight about the behavior of zinc [15, 109].  

Sunil at al. [15] accomplished a fine grain size of 7 μm for AZ31 magnesium alloy 

from a grain size of 55 μm via groove pressing passes. They have investigated the effect 

of this refinement on some properties necessary for implant production. The processed 

samples have demonstrated improved corrosion resistance and increased hydrophilicity. 

Cell response to the samples was also promising. According to these findings, they have 

concluded that groove pressing may be a potential method to control degradation of 

magnesium alloys and to improve bioactivity for implant implementations.  

Table 1.8.1: Test conditions [109] 

Specimen Forming Temperatures Route 

I 1st cycle at 250°C -> 2nd cycle at 200°C ->3rd cycle at 

150°C ->4th cycle at 150°C  

A 

II 1st cycle at 250°C ->2st cycle at 200°C ->3st cycle at 

150°C  

B 

III Constant temperature at 250°C  A 
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Another research  has been done by Fong et al. [109] on the formability 

improvement of AZ31 alloy by groove pressing. Two different routes were selected with 

decreasing and constant temperatures as indicated in Table 1.8.1. In this study, specimen 

is rotated 90° about the normal direction between each cycle in Route A while there is no 

rotation in Route B. The crack was determined after the 3rd cycle in Route B while no 

crack was observed for specimen I which underwent Route A under the same temperature 

conditions. At a constant temperature of 250°C, five cycles were completed without 

fracture for the specimen III. Microstructural evolution was examined for all the cycles 

and a plot was formed for the Specimen I as seen in Figure1.8.1. Hardness increase was 

about 47% and average grain size reduction was about 86% for this specimen. Therefore, 

it was concluded that the alternate rotation is effective to prevent fracture by decreasing 

the repetitive tensile stresses in the same region of the material. 

 

Figure 1.8.1: Average hardness and grain size of Specimen I against the theoretical total 
cumulative strain [109] 
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1.9. Statement of Objectives 

The objectives of this study can be stated as follows: 

1. Implementing CGP routes on different materials, which have not been studied yet, 

to enhance the mechanical properties with refined microstructures at room 

temperature. 

2. Analyzing microstructures observed during CGP by altering the applied route. 

3. Measuring the mechanical properties of samples before and after the application 

of CGP routes to demonstrate any difference. 

4. Correlating the mechanical behavior with the altered microstructures. 

5. Demonstrating the mechanical twinning mechanism activation in commercially 

pure zinc. 

6. Comparing the influences of CGP routes for different crystal structures. 
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CHAPTER Ⅱ 

EXPERIMENTAL METHODS 
 

 Three materials with different crystal structures were analyzed in this thesis. Hot 

rolled 304 stainless steel sheet of thickness 1 mm in annealed condition with a 

composition of 18.19% Cr, 8.14% Ni, 1.53% Mn, 0.018% C  in weight and Fe balance 

was selected as an FCC material. As-received material was almost isotropic according to 

the tensile test results. Ti-15V-3Cr-3Sn-3Al and commercially pure zinc, both having 0.5 

mm thickness were utilized as BCC and HCP structured metals. Anisotropy was observed 

for commercially pure zinc after initial tests while titanium alloy was determined as nearly 

isotropic.  

       

Figure 2.1: Schematic view of (a) AISI 304 and (b) Ti-15V-3Cr-3Sn-3Al/ commercially 
pure zinc between CGP dies 

 

At ambient temperature, they were processed under a hydrolic press having a 

maximum capacity of 200 tonnes. For titanium alloy and austenitic steel, the amount of 

press was set to around 35 and 75 tonnes respectively, while it was 10-12 tonnes for 

commercially pure zinc. Pressing and flattening operations were performed at a 1 mm/sec 

rate. Length and width of each metal sample were 104 mm corresponding with the 

dimensions of die, and they were coated with a thin layer of lubricant before being placed.  

(a)
2 mm
1 mm

(b)
2 mm

0.5 mm
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Five routes are described and demonstrated schematically in this work (Figure 

2.2). If the created groove edges on the sample at the initial pass are parallel to the groove 

edges of the die, this pass is defined as a pass along TD. Therefore, all the passes of the 

route A are along TD since the sample is not rotated around the normal direction between 

the passes. For route B, rotation is 90 degrees following each pass; while rotation angles 

for the third and forth passes are respectively -90° and 180° for route C. The fourth route 

includes a rotation sequence of 90°, 180° and 90°; whereas the last pass of the last route 

is 180° again.  

 

Figure 2.2: Description of CGP Routes 

The motivation of this plan is to demonstrate the effects of processing path on the 

mechanical properties with regard to directionality. In route A, groove edges are 

consistently  in line with the transverse direction of the sample during pressings. Two 

parallel and two perpendicular passes with respect to groove edges were applied for routes 

B and D in different orders in order that the sequence effect could be examined according 

to the outcomes of these two routes. Besides the only perpendicular pass to the groove 

edges for route C, one parallel pass is conducted for the last route enabling  the effect of 
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pass quantity of different directions to be analyzed. Under each route, pass numbers in 

both LD and TD are shown in Figure 2.2. 

The pressings was conducted as full stroke at the beginning of the study, but it 

was observed that the samples were mostly fractured during the second pass. This failure 

was in the second pressing of the second pass for stainless steel and titanium alloys while 

it was seen in the first pressing of the second pass for zinc samples (Fig 2.3). In order to 

eliminate the fracture, some solutions like altering the process heat or the amount of stroke 

could be suggested. In this study, stroke amount was adjusted to 50% to complete all the 

passes since heating would lead to dissipating energy.  

 

Figure 2.3: Fractures observed in (a) AISI 304, (b) Ti-15V-3Cr-3Sn-3Al and (c) 
commercially pure zinc  
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As mentioned in the first chapter of this work, the effective strain imposed on the 

material after the first pass is 1.16 for the full stroke pressing, and after any pressing of 

the second pass, it becomes 1.74 [57, 58]. In the light of this calculation, it can be 

understood that the materials in this study were fractured at a strain rate between 1.16 and 

1.74. If these two values are considered to be the limits for the total strain of a route 

composed of four passes, the boundaries of optimum strain value for a pass will be 

between 0.14 and 0.22. The greatest strain value lying in this interval was determined to 

be 0.21 corresponding to a shear angle of 20° after the initial tests [59]. Hence, the 

optimum shear angle for these three materials was selected as 20° (Fig 2.4) to complete 

all the routes, and the amount of pressing strokes were adjusted considering this angle. 

CGPed metals have been characterized using several methods including numerical 

analysis, optical microscopy, mechanical experiments and hardness tests.  

 

Figure 2.4: Shear angle of a sample after pressing 

Numerical analysis for accumulated strain and pressing force during a CGP pass 

was performed via Marc Mentat utilizing rectangular elements. Even though both plane 

strain and 3-D conditions present very similar results [110], plane strain analysis was 

implemented because of its efficiency. Constrained groove pressing dies were assumed 

to be rigid with a coefficient of friction, 0.1. For AISI 304 stainless steel sample, the 

maximum force required for accomplishing a single pass reaches 800 kN due to the force-
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upper die stroke distance graph (Figure2.5). Distance is defined as zero when the upper 

die touches the sample as seen in Fig 2.1. It reaches up to one when the upper die descends 

one milimeters. The simulated value is in line with analytical calculations based on the 

following bending equation [59, 111]: 

F୫ୟ୶ = nk
஢౫୐୦మ

୲
                                                  (7) 

 In this formula, n is the number of groove edges, t is the groove width, h is the 

sample thickness, L is the length of the sample, σu is the ultimate tensile strength of the 

sample and k is a constant determined for AISI 304 based on the die [108]. When all the 

parameters are put into the equation for a steel sample, the maximum force becomes 

approximately 780 kN. Similar verifications can be done for the other two materials. 

 

Figure 2.5: Simulated force-displacement curve for a CGP pass of stainless steel samples 

The simulation for the effective strain per press is demonstrated in Figure2.6. This 

strain analysis has been performed for AISI 304 stainless steel sample, which is valid for 

the other samples as well. Accordingly, the sheared regions accumulate a strain around 

0.2 as seen in Figure 2.6, which is consistent with the analytical calculations. Assuming 
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this strain is the same for all the pressings and flattenings, the aggregate strain comes 

about 1.6.   

 

 Figure 2.6: Corresponding strain distribution in the processed sheet 

For microstructural examinations, specimens of SS304, Ti-15V-3Cr-3Sn-3Al and 

commercially pure copper sectioned from different locations of the CGPed sheets were 

mounted, ground, polished, and etched. Sectioning was accomplished with an Ecocut 

Electronica electro discharge machine using a water based lubricant. Then, the specimens 

were mounted in epoxy-cure solution to be handled practically. Abrasive removal of 

material from the surface was done with silicon carbide grinding papers of 600, 800, 1000 

and 1200 grit, sequentially. Finally, specimens were polished using 1 μm and 0,25 μm 

alumina suspension on a special cloth. Electrolytic etching was performed for AISI 304 

using a solution containing 10g oxalic acid powder in 100 ml distilled water at 6 V and 

0,3 A for three minutes. Kroll’s reagent (2 ml HF + 5 ml HNO3 in 100 ml distilled water) 

was applied for 1,5 minutes to etch Ti-15V-3Cr-3Sn-3Al alloy. Etching of commercially 

pure copper was performed in a 5% HCl solution for 14 minutes. 
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Mechanical behavior of the samples was investigated by means of an Instron 8872 

servo-hydrolic test frame with a digital 8800MT controller system. Monotonic tension 

tests were performed for the tension samples having a dog-bone shape. These samples 

had a gage section of 1 mm x 2.96 mm x 15 mm for austenitic steel and 0.5 mm x 2.96 

mm x 15 mm for beta titanium and zinc.  

For all the research materials, the orientation of the tension specimens were both 

along longitudinal and transverse directions of the processed samples. All the samples 

were tested at a strain rate of 10-3 s-1 at ambient temperature. Some of the experiments 

were repeated on three specimens in order to check repeatability and errors stemming 

from shape effects. 

 

Figure 2.8: Micro-hardness measurement locations along the central line of the 
sample 

 

Hardness tests were conducted by using FM 300e digital microhardness test 

machine to verify mechanical strength of the samples. In microhardness testing, a 

diamond indenter with a specific geometry is forced into the samples, and the indented 

areas are determined by measuring the diagonals of the indentation. 
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For Vickers microhardness testing, the indenter is a pyramidal diamond with face 

angles of 136°. The Vickers hardness number (Hv) is calculated by dividing the applied 

load by the indented area on the surface of the sample [112].   

As seen in Figure2.8, measurements were obtained after each pass along the 

longitudinal direction at 10 mm intervals on the central line to investigate the 

homogeneity of the CGP process. Nine or ten hardness values were recorded per pass 

under 1 kgf load with a holding time of 10 s. 

Erichsen tests has also been conducted to explore the formability. One sample 

from the as-received material, and another sample after the last pass of route E has been 

cut in the form of square. Clamping force on the samples was specified as 10 kN, and test 

speed was set to 10 mm/min. Experimental methods are schematically summarized in 

Figure 2.9. 
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Figure 2.9: Summary of experimental techniques in this research 
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CHAPTER Ⅲ 

RESULTS & DISCUSSIONS ON AISI 304 
 

Microstructural investigations will be explained together with mechanical 

behavior results for AISI 304 stainless steel in this section.  

3.1 Microstructural Evolution 

Annealing twins are present in the microstructure of the as-received material 

as seen in Figure 3.1.1(a). On the basis of the measurements taken from this optical 

microscopical image, average grain size was calculated as 40 µm. After the initial 

pass, grain refinement was recorded to be an average of 30 µm. Considering the level 

of refinement, significant difference was not observed among the processing routes 

after 4 passes leading to an average grain size in the range of 20-25 μm.  

Visual examination after the CGP deformation indicates that an activation of 

mechanical twinning has occurred. Figs. 3.1.1(b) via 3.1.1(g) demonstrates the 

microstructural evolution briefly. Images of the intermediary passes are not displayed 

in this figure, but their data have been used to analyze the grain refinement rate. The 

analysis shows that: 

1.  The rate of grain refinement slows down, when the imposed strain during 

CGP is increased, as noted in other SPD methods [113-116]. 

2.  As compared to other SPD techniques, the effectiveness of CGP is lower 

in grain refinement, since it imposes a simple deformation field where slip 

is cancelled out by reverse slip during flat pressing [60]. 
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3.  Strain path is not very effective in influencing the grain size for AISI 304 

stainless steel.  

4.  Macroscopic fracture was not recorded in any route because of the 

adjusted pressing stroke amount.  
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Figure 3.1.1: Grain structure of AISI 304 stainless steel: (a) annealed; (b) after 1 pass; 
(c) after 4 pass of the route A; (d) after 4 pass of the route B; (e) after 4 pass of the route 
C; (f) after 4 pass of the route D; (g) after 4 pass of the route E 

 

3.2 Mechanical Behavior 

The stress-strain response of AISI 304 stainless steel along both longitudinal and 

transverse directions is presented in Figure3.2.1. Strength improvement is prevalent for 

almost all passes after CGP deformation. Yield strength values increased more than two 

times for all routes, whereas ductility values decreased noticeably.  
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Figure 3.2.1: Stress-strain curves of stainless steel samples along (a) longitudinal 
direction and (b) transverse direction 

 

The best strength improvement is nearly 32%, and occurs in LD for route E 

compared to 41% in TD belonging to route C. This result may stem from the fact that 

route C has three passes in which the groove edges are parallel to TD, and for route E 

they are perpendicular to TD. Route A has yielded the highest ductility in both directions 

after the final pass. The ductility values decreased from around 60% to 25% for route A 

while they ranged between 10% and 20% for the other routes. 

 

Figure 3.2.2: Hall-Petch relationship for all the routes of AISI 304  
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The relationship between grain size and yield strength can be verified using the 

Hall-Petch equation [117, 118]. According to the graphs in Figure 3.2.2, the average Hall-

Petch constant (k) is calculated to be nearly 4600 MPa.m1/2, which is greater than that is 

in the previous papers [119, 120]. The dislocation density created due to plastic 

deformation along with the existence of mechanical twins mainly contributes to this 

discrepancy. In addition, as the grain refinement rate is relatively low for CGP method, 

applicability of Hall-Petch is limited for the materials in this study.  

Mechanical behavior of the samples strained along two in-plane perpendicular 

directions revealed the existence of flow anisotropy with varying degree depending on 

the route and pass number. Strain path-stimulated texture can be cited as the source of 

anisotropy, since morphology and grain size do not display substantial variation with 

route [121]. Tensile strength after the whole process along TD is greater than that along 

LD on all routes but E. There are three passes in which the groove edges are parallel to 

LD of the sheet for this route. Therefore, number of passes along a specific direction plays 

an important role on the directional strength. 

Strength anisotropy of route A is quite high when compared to the other routes as 

demonstrated in Figure 3.2.1. Rotation between the passes reduces anisotropy due to a 

more uniform distribution of the bending and stretching regions, where SPD takes place 

and the greatest tendency for micro-cracking is expected [60]. From this standpoint, route 

B is promising in terms of isotropy due to successive rotations between passes. Similar 

mechanical behavior of routes B and D indicates that pass order has almost no effect on 

anisotropy. On the contrary, a higher rate of anisotropy is observed for routes C and E. 

Thus, a processing schedule containing equal number of passes along different directions 

can be followed to provide isotropic properties.  
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Strain hardening and grain refinement yield more strengthening during the first 

passes as compared with the subsequent passes. A reduction is recorded for some routes 

during the following passes, as a result of the mechanisms of micro-cracking and flow 

softening which is related to dislocation annihilation at higher dislocation densities 

through dynamic recovery mechanisms [60, 98, 122]. On the other hand, no decrease in 

hardness was observed after each pass despite the increase between the passes was smaller 

after the initial pass. Therefore, it can be inferred that micro-cracking is more effective 

than flow softening in the reduction of strength [59]. The fact that strength does not show 

a monotonic change with increasing pass number in routes A and C points to the more 

likely occurance of micro-cracks in these routes. Elastic moduli of CGPed samples are 

also decreased for many conditions as seen in Figure 3.2.1, since grain boundary regions 

are volumetrically increased during processing and non-equilibrium grain boundaries are 

rearranged to relatively equilibrium boundaries together with stress relaxation [99, 100]. 

This is also demonstrated by the increase of the ductility after some consequent passes. 

Influence of processing route on the mechanical properties was explored via 

hardness experiments, too. Property variation along the central line of the samples was 

revealed particularly. Moreover, inhomogeneity factors were calculated for a quantitative 

expression of the distribution using the following expression [123, 124]: 

I. F. =  
ට(∑ (ୌ౟ିୌഥ)మ)/(୬ିଵ) ౤

౟సభ

ୌഥ
× 100                                     (8) 

where n is the total number of measurements,  is the average hardness, and Hi is the 

magnitude of each hardness measurement. 
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The highest improvement in hardness has been recorded for the first pass with a 

rate of 60% over the as-received condition. Irrespective of the route, the average hardness 

improvement was over two-folds after the fourth pass (Figure 3.2.3.a-e). 

 

Figure 3.2.3: (a), (b), (c), (d) and (e) Hardness profiles of the CGPed stainless steel 
samples of all the routes along the longitudinal distances, (f) The inhomogeneity factor 
for all the routes versus pass numbers 

 

Inhomogeneity factors for the first passes are more or less the same as seen in 

Figure 3.2.3(f), which is predictable as these passes are identical for all routes. A similar 

result is anticipated for the second passes of all the routes except route A, which has no 

rotation between passes. It can be interpreted that pass order has almost no effect on 
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homogeneity along a specific direction by considering the small inhomogeneity 

difference between routes B and D having different pass sequences. The greatest 

difference of uniformity is between routes C and E as expected. First two passes are the 

same for these routes, but regarding the groove edge orientation, the last two passes of 

route C are along TD while they are in LD for route E. This results in a higher non-

uniformity along LD for route C, and a more uniform deformation for route E [60, 111]. 

In addition, unlike other routes, regional bending for all the passes along LD is prevalent 

for route A. As a consequence, route A should have the greatest inhomogeneity. However, 

alternating deformation field, in which dislocation generation rate changes over multiple 

pressing cycles, inhibits this drawback [60]. Strength and ductility profiles of the routes 

are summarized in Figure 3.2.4. 
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Figure 3.2.4: Strength and ductility profiles with respect to pass number along (a) 
longitudinal direction and (b) transverse direction 
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Figure 3.2.5: Force-cupping curves of steel samples: (a) as-received, (b) after fourth 
pass of route E    

 

Erichsen test has been conducted to explore the formability of the material. 

One sample from the as-received material, and another sample after the last pass of 

route E has been cut in the form of square. Force-cupping diagrams are shown in 

Figure 3.2.5. Cupping force corresponding to the same cupping distance is higher for 

the CGPed sample indicating that the thinning will be smaller when formed [57, 78-

83]. Despite the reduction of ductility due to CGP, it has also a good cupping distance.  

In Figure 3.2.6, the shape of the samples after erichsen test are shown. The 

one on the left belongs to the as-received sample while the one on the right is the final 

form of the sample after fourth pass of route E. The fracture of the as-received sample 

is catastrophic as compared to the CGPed sample. In the processed sample, some 

regions might have been weakened due to microcracks and thinning of these regions 

was more probable.  
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Figure 3.2.6: Samples formed after erichsen tests  

Three tensile test specimens from different regions of the last routes of 

processed three AISI 304 stainless steel samples were tested to check the repeatability. 

The best conditions were selected for these tests, and the resulting graphs are 

presented in Figure 3.2.7. Ultimate tensile strength values are slightly different for 

route B in TD, but the only difference is fracture strain when all the repetability 

samples are considered. This result is expectable, since the fracture is in the non-

uniform deformation region.  
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Figure 3.2.7: Repeatability test results of AISI 304 stainless steel samples from (a) 
route B along TD, (b) route C along TD, (c) route E along LD 
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CHAPTER Ⅳ 

RESULTS & DISCUSSIONS ON Ti-15V-3Cr-3Sn-3Al 
 

Microstructural properties and mechanical behavior results for Ti-15V-3Cr-3Sn-

3Al will be demonstrated in this section. 

4.1. Microstructural Evolution 

Mean grain size of the as-received beta titanium alloy was measured as 107 

microns via optical microscopy. A considerable refinement was not recorded as seen in 

Fig 4.1.1. Average grain sizes, which are in the range of 90-95 μm, are similar after the 

initial and final passes.  

Any mechanical twin was not observed after deformation processes. Figs. 4.1.1(b) 

via 4.1.1(g) depict the microstructures briefly. They show that: 

1.  The rate of grain refinement decreases with the increase in imposed strain 

during CGP as indicated in other SPD methods [113-116] 

2. Grain refinement effectiveness of CGP is lower relative to other SPD 

techniques, as it imposes a simple deformation field where slip during 

groove pressing is cancelled out by reverse slip during straightening [60]. 

3.  Strain path is not very influential for beta-Ti in influencing the grain size 

after processing.  

4. Due to the adjusted pressing stroke amount, no crack was observed in 

routes.  
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Figure 4.1.1: Grain structure of β-Ti: (a) annealed; (b) after 1 pass; (c) after 4 pass of the 
route A; (d) after 4 pass of the route B; (e) after 4 pass of the route C; (f) after 4 pass of 
the route D; (g) after 4 pass of the route E 

 

4.2. Mechanical Behavior 

The tensile curves of Ti-15V-3Cr-3Sn-3Al along both longitudinal and transverse 

directions are demonstrated in Figure 4.2.1. Ultimate tensile strength of the samples 

increased significantly after the initial pass, and almost stabilized for most of the 

conditions afterwards. Ductility values decreased a little while yield strength values 

fluctuated throughout the deformation process. 
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Figure 4.2.1: Stress-strain curves of β-Ti samples along (a) longitudinal direction and 
(b) transverse direction 
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The highest strength improvement is about 16%, occurring in LD for route D and 

E while it is nearly 15% in TD belonging to route C and D. Route A and B have the best 

ductility value, which is around %20 along LD after the last pass. Route E has a ductility 

value of %19, which is the best one in TD. Unlike the other two metals in this study, as-

received β-Ti shows a bump after yield point. The reason for this behavior is that more 

stress is required for a material to start plastic deformation provided the dislocation 

density is low [125]. This bump is eliminated while the yield strength of the as-received 

material decreases with the increasing dislocations during deformation. Tensile strength 

after the whole deformation along TD is slightly higher than that along LD on all routes. 

For all the routes, the number of passes in which transverse direction of the sample is 

parallel to the groove edges is higher or equal to the number of passes in which it is 

perpendicular to the groove edges except route E. Specifically, number of passes along a 

specific direction plays a minor role on the directional strength. 

 

Figure 4.2.2: Hall-Petch relationship for all the routes of beta Ti  
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The correlation between grain size and yield strength can be checked using the 

Hall-Petch equation [117, 118]. Due to the graphs in Figure 4.2.2, the constant (k) is 

calculated to be nearly 5068 MPa.m1/2. The dislocation density created due to plastic 

deformation mainly contributes to this relatively high k value [126]. The points are 

distributed more irregularly in this graph as compared to others, since the yield strength 

values of this material were more irregular.  

Strength anisotropy of routes are quite low as demonstrated in Figure 4.2.1. 

Similar behavior of routes B and D implies a minor influence of pass order upon 

anisotropy. Moreover, a similar degree of anisotropy is observed for routes C and E. As 

a result, a processing schedule containing a sequence of passes with the same or varying 

directions make almost no difference on isotropic properties of β-Ti having BCC lattice 

structure.  

Strain hardening and grain refinement generally cause more strengthening during 

the initial passes. A decrease is seen for some routes during the following passes, due to 

micro-cracking and flow softening, which is in connection with dislocation annihilation 

at higher dislocation densities by means of dynamic recovery mechanisms [60, 98, 122]. 

Furthermore, a decrease in hardness was also observed for some passes although the 

variation of hardness values between the passes was smaller after the first pass. It can be 

deduced that micro-cracking is less effective than flow softening in the reduction of 

strength [59]. As seen in Figure 4.2.1, elastic moduli of some CGPed samples are 

decreased. The reason for the decrease is that grain boundary locations are volumetrically 

rise during processing and non-equilibrium grain boundaries are rearranged to relatively 

equilibrium boundaries together with stress relaxation [99, 100]. The increase of the 

ductility after some consequent passes also demonstrates this.  
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Figure 4.2.3: (a), (b), (c), (d) and (e) Hardness profiles of the CGPed β-Ti samples of all 
the routes along the longitudinal distances, (f) The inhomogeneity factor for all the routes 
versus pass numbers 

 

Influence of the routes on the mechanical properties was also investigated through 

hardness tests. Hardness measurements showed the property variation in the central line 

of the samples. Inhomogeneity factors were also calculated for all routes according to the 

formula shown in the previous sections [123, 124]. 

The highest hardness increase is achieved for the first pass with a rate of 14% over 

the as-received condition. The hardness improvement was about 20% after the fourth 

passes (Figure 4.2.3.a-e). 
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As demonstrated in Figure 4.2.3f, inhomogeneity factors for the first passes are 

very similar, because these are identical for all routes. A similar data is expected for the 

second passes of all the routes except A which is not rotated between passes. 

Inhomogeneity difference is small between routes B and D having different pass orders, 

implying that pass order has a small influence on homogeneity. The maximum 

homogeneity difference after the whole process is between routes C and E. First two 

passes are identical for these routes, but the last two passes of route C are along TD 

considering the groove edge orientation whereas they are in LD for route E. Unlike 

stainless steel and zinc samples, this induces a higher uniformity along LD for route C 

and a more non-uniform deformation for route E for titanium. This difference might stem 

from the different crystal structures of these materials. Strength and ductility profiles of 

the routes are summarized in Figure 4.2.4. 
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Figure 4.2.4: Strength and ductility profiles of β-Ti samples with increasing passes 

 

Erichsen tests have also been applied on two β-Ti samples having square shape. 

One sample was selected from the as-received material and another sample after the last 

pass of route E. Force-cupping diagrams are as shown in Figure 4.2.5. These graphs are 

very close to each other since the ductility and strength values are not very different for 

these two conditions.   
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Figure 4.2.5: Force-cupping curves of β-Ti samples: (a) as-received, (b) after fourth pass 
of route E 

 

In Figure 4.2.6, the shape of the samples after erichsen test are seen. The one on 

the left belongs to the as-received sample while the one on the right is the final form of 

the sample after fourth pass of route E. Both fracture profiles are very similar as can be 

anticipated from their force-cupping curves. 

 

Figure 4.2.6: Samples formed after erichsen tests 

Three tensile test specimens from different regions of the three β-Ti samples were 

tested to check the repeatability after the final passes. The best conditions were selected 
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for these tests and the resulting graphs are presented in Figure 4.2.7. The graphs of the 

samples belonging to three different routes are almost the same in itself. 

 

 

 

Figure 4.2.7: Repeatability test results of β-Ti samples from (a) route B along TD, (b) 
route C along TD, (c) route E along LD 
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CHAPTER Ⅴ 

RESULTS & DISCUSSIONS ON Commercially Pure Zinc 
 

Microstructural observations and mechanical behavior results for commercially 

pure  zinc will be discussed in this chapter. 

5.1. Microstructural Evolution  

According to the data taken from the microscopical image shown in Figure 5.1.1, 

average grain size of as-received pure zinc is approximately 117 μm. Grain size becomes 

77 microns after the first pass. When the deformation process is considered as a whole, 

the final grain sizes of the routes A, B, C, D and E were recorded as 62, 74, 64, 68 and 

71, respectively.  

After the deformation processes, mechanical twinning activation has taken place. 

Figs. 5.1.1(b) via 5.1.1(g) show the microstructural evolution. They show that: 

1.  The rate of grain refinement decelerates with the increase in imposed 

strain during CGP as occured in other SPD methods [113-116]. 

2.  Strain path is effective for pure zinc in dictating the grain size after 

processing. The best grain refinement ratio is around 47% belonging to 

route A and the lowest refinement is observed for route B, which is 

approximately 37%. Refinement rate of routes A and C are close to each 

other, while it is similar for routes B and D. Therefore, pass order has 

nearly no effect on grain size but pass number on a specific direction has. 

3. The highest amount of twinning was observed in Route C. Twins are 

thinner for the routes A, C and D compared to the other routes after the 
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final pass. They are also rather thick and few in number after the first pass. 

Moreover, intensity of twins is relatively low for route E. Based on these 

observations, it can be inferred that there is a strong relationship between 

grain refinement and intensity and thickness of twins. 

4. The twin size is restricted by the size of the grains, and in refined 

structures, shorter twins are observed [65].  

5. Macroscopic fracture was not recorded in any route, under favour of the 

adjusted pressing stroke distance. 
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Figure 5.1.1: Grain structure of the commercially pure zinc: (a) annealed; (b) after 1 pass; 
(c) after 4 pass of the route A; (d) after 4 pass of the route B; (e) after 4 pass of the route 
C; (f) after 4 pass of the route D; (g) after 4 pass of the route E 

 

5.2. Mechanical Behavior 

In Figure 5.2.1, the stress-strain graphs of commercially pure zinc along both 

directions are represented. Strength is mostly improved for routes during the deformation 

processes. Yield strength values mostly increased for all routes, whereas ductility values 

mostly decreased.  
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Figure 5.2.1: Stress-strain curves of  commercially pure zinc samples along (a) 
longitudinal direction and (b) transverse direction 

 

The best strength improvement is nearly 8%, and occurs in LD for route E 

compared to 28% in TD belonging to route D. As repeatedly mentioned in the previous 

parts, route E has three passes in which the groove edges are perpendicular to TD, and 

for route D, number of perpendicular and parallel passes are equal. Along LD, route D 

has yielded the highest ductility, which is nearly 24%, but along TD routes B and C have 

a ductility of about 27%, which is the highest after the whole process. Tensile and yield 

strengths along LD is greater than that along TD on all routes except D after CGP 

operation. 
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Figure 5.2.2: Hall-Petch relationship for all the routes of commercially pure Zn 

Grain refinement and yield strength relationship of pure Zn can be verified 

through the Hall-Petch formula [117, 118]. The average Hall-Petch constant (k) is 

calculated as about 764 MPa.m1/2 based on the lines in Figure 5.2.2. The existence of 

mechanical twins is the main reason of this high value. 

As seen from the Figure 5.2.1, as-received material was rather anisotropic. In 

addition, mechanical behavior of the samples strained along two perpendicular directions 

on the same plane revealed the existence of flow anisotropy with varying degree 

depending on the route and pass number. After the first CGP passes, a decrease in strength 

and an increase in ductility is observed along LD in an unexpected way. Strain hardening 

and grain refinement yield more strengthening along TD during the first passes compared 

to the subsequent passes. Also, twinning causes strengthening and high work hardening 

since it behaves like the grain boundaries which hinders growing twins and slip [65]. A 

decrease in strength is recorded for many following passes, because of the mechanisms 
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of micro-cracking and flow softening which is related to dislocation annihilation at higher 

dislocation densities through dynamic recovery mechanisms [60, 98, 122]. These are the 

reasons also for the ductility increase observed along LD in the initial pass. Furthermore, 

elastic moduli of some CGPed pure zinc samples are reduced as seen in Figure 5.2.1. The 

reason of this behavior is that grain boundary locations are volumetrically rise during 

deformation and non-equilibrium grain boundaries are rearranged to comparatively 

equilibrium boundaries together with stress relaxation [99, 100].  

 

Figure 5.2.3: (a), (b), (c), (d) and (e) Hardness profiles of the CGPed pure zinc samples 
of all the routes along the longitudinal distances, (f) The inhomogeneity factor for all 
the routes versus pass numbers 

 

0

10

20

30

40

50

60

0 20 40 60 80 100

as received

pass 1

pass 2

pass 3

pass 4

HV

Route A

distance along LD (mm)

0

10

20

30

40

50

60

0 20 40 60 80 100

as received

pass 1

pass 2

pass 3

pass 4

HV

Route C

distance along LD (mm) 

0

10

20

30

40

50

60

0 20 40 60 80 100

as received

pass 1

pass 2

pass 3

pass 4

HV

Route BRoute B

distance along LD (mm)

0

10

20

30

40

50

60

0 20 40 60 80 100

as received

pass 1

pass 2

pass 3

pass 4

HV

Route D

distance along LD (mm) 

0

10

20

30

40

50

60

0 20 40 60 80 100

as received

pass 1

pass 2

pass 3

pass 4

HV

Route E

distance along LD (mm) 

0

1

2

3

4

5

6

7

8

2 3 4 5

A

B

C

D

E

I.F
.

Number of  passes

(a) (b)

(c) (d)

(e) (f)

1                              2                               3                              4



 
 

71 
 

Strength of the samples was also investigated through vickers hardness tests. The 

measurements was taken from the central line of the samples and inhomogeneity factors 

were calculated according to the equation explained in the previous sections [123, 124]. 

The highest hardness increase is achieved for the first pass with a rate of 9% over 

the as-received condition. The average hardness improvement was about 19% after the 

fourth passes (Figure 5.2.3.a-e). 

As demonstrated in Figure 5.2.3(f), inhomogeneity factors for the first passes 

which are identical are almost the same. A similar data is measured for the second passes 

of the routes except A which is not rotated between passes. Inhomogeneity variation is 

small between routes B and D possessing different pass orders. As a result, pass order has 

a little impact on homogeneity of hardness in a particular direction. The maximum 

homogeneity difference after the whole process is between routes A and E. Sample 

transverse direction is parallel to the groove edges for all the passes for route A, whereas 

three of them are perpendicular to the groove edges for route E. This result is similar to 

that of stainless steel samples. The difference might stem from the different crystal 

structures, which have different slip systems, of these two materials. Strength and 

ductility profiles of the routes are summarized in Figure 5.2.4. 
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Figure 5.2.4: Strength and ductility profiles of commercially pure zinc samples with 
increasing passes 
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Erichsen test has been achieved to find out the formability of the material. One 

sample from the as-received material and another sample after the last pass of route E has 

been cut in the form of square. Force-cupping diagrams are as seen in Figure 5.2.5. 

Cupping distance of the sample has been diminished a few millimeters after CGP 

deformation. This means that the processed material shows lower formability. 

 

Figure 5.2.5: Force-cupping curves of commercially pure zinc samples: (a) as-received, 
(b) after fourth pass of route E 

 

In Figure 5.2.6, the shape of the samples after erichsen test are shown. The one on 

the left belongs to the as-received sample while the one on the right is the final form of 

the sample after fourth pass of route E. Both the fracture of the as-received and CGPed 

samples are non-catastrophic since the non-uniform strain hardening region is relatively 

greater for this material.  
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Figure 5.2.6: Samples formed after erichsen tests 

 

Three tensile specimens from different regions of the CGPed zinc samples were 

tested to check the repeatability. The best conditions were chosen for the tests and the 

resulting curves are displayed in Figure 5.2.7. The only significant difference is fracture 

strain among all the repetability test data, which is acceptable because the fracture is in 

the non-uniform deformation region.  
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Figure 5.2.7: Repeatability test results of commercially pure zinc samples from (a) route 
B along TD, (b) route C along TD, (c) route E along LD 
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CHAPTER Ⅵ 

CONCLUSIONS 
 

Constrained Groove Pressing (CGP) routes has been demonstrated to be 

applicable for difficult-to-work alloys. Mechanical strengths are generally improved with 

some losses in ductility. The results along with the comparisons are presented below. 

AISI 304 

AISI 304 with FCC crystal structure was processed by five distinctly specified 

CGP routes at ambient temperature. The effects of routes on microstructure along with 

mechanical behavior revealed that: 

1. The rate of grain refinement decreases with the increase in imposed strain during 

CGP of AISI 304. Strain path is not very effective in influencing the grain size 

and the rate of grain refinement is relatively low due to the simple deformation 

field in which slip is cancelled out by reverse slip during flat pressing.  

2. Yield strength values increased more than two times for all routes, while ductility 

values decreased from around 60% to a range between 10% and 25%. 

3. The best strength improvement is nearly 32% in LD belonging to route E 

compared to 41% occuring in TD for route C. 

4. Strength anisotropy of route A with no rotations between passes is quite high, 

when compared to the other routes. Therefore, rotation between the passes reduces 

anisotropy because of a more uniform distribution of the bending and stretching 

regions, where CGP takes place and the highest propensity for micro-cracking is 

expected. 
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Ti-15V-3Cr-3Sn-3Al 

CGP processing of Ti-15V-3Cr-3Sn-3Al, namely β-Ti, was performed at ambient 

temperature. The influences of CGP routes on microstructure and mechanical behavior 

were examined. The results are as following: 

1. Grain refinement effectiveness of CGP on β-Ti is comparatively low and strain 

path is not very influential in influencing the grain size after processing. 

2. Ultimate tensile strength of the samples is improved considerably after the initial 

pass, and almost stabilized for most of the conditions afterwards. Ductility values 

decreased a little while yield strength values fluctuated throughout the 

deformation process. 

3. The highest strength improvement is about 16%, occurring in LD for route D and 

E while it is nearly 15% in TD belonging to route C and D. Moreover, strength 

anisotropy of routes are quite low for β-Ti. 

4. As-received β-Ti shows a bump after yield point. This bump is eliminated while 

the yield strength of the as-received material decreases with the increasing 

dislocations during deformation. 

Commercially Pure Zinc 

CGP routes are successively applied to commercially pure zinc samples at 

ambient temperature. Some important effects on microstructure and mechanical behavior 

are analyzed and presented as follows: 

1. The rate of grain refinement decelerates with the increase in imposed strain during 

deformation. Strain path is effective in dictating the grain size for pure zinc. The 

best grain refinement ratio is around 47% belonging to route A and the lowest 

refinement is observed for route B, which is approximately 37%. 
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2. After CGP, mechanical twinning activation has taken place. Twins are thinner for 

the routes A, C and D compared to the other routes after the final pass. They are 

also rather thick and few in number after the first pass. Moreover, intensity of 

twins is relatively low for route E. 

3. Strength improvement is mostly improved for routes during the deformation 

processes. Yield strength values mostly increased for all routes, whereas ductility 

values mostly decreased. The best strength improvement is nearly 8%, and occurs 

in LD for route E compared to 28% in TD belonging to route D.  

4. After the first CGP passes, a decrease in strength and an increase in ductility is 

observed along LD in an unexpected way. The reasons for this behavior can be 

considered as the mechanisms of micro-cracking and flow softening which is 

related to dislocation annihilation at higher dislocation densities through dynamic 

recovery mechanisms. 

5. As-received material was rather anisotropic. In addition, mechanical behavior of 

the samples strained along two perpendicular directions on the same plane 

revealed the existence of flow anisotropy with varying degree depending on the 

route and pass number. 

6. The twin size is limited by the size of the grains. Long twins are present for the 

initial passes, while relatively shorter twins are observed for the subsequent passes 

with the increasing rate of grain refinement. 
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Table 6.1: CGP comparison table of three materials 

COMPARISON CHART 

Properties 

Materials 

AISI 304 
Ti-15V-3Cr-

3Sn-3Al 
commercially pure 

zinc 
1.The route with 
maximum grain 
refinement rate  

RB 52,5 % RE 16 % RA 47 % 

2. Strain Path Effect 
on grain size 

low low high 

3. Twinning 
activation 

yes no yes 

4. Macroscopic 
fracture  

no no no 

5. Max Strength 
Improvement (LD) 

RE 32 % RD 16 % RE 8 % 

6. Max Strength 
Improvement (TD) 

RC 41 % RC, RD 15 % RD 28 % 

7. Hall-Petch 
constant (k)  
(MPa.m^1/2) 

4600 5068 764 

8. Strength 
anisotropy 

high low high 

9. Max hardness 
improvement 

RE 112 % RE 20 % RC 20 % 

10. Min hardness 
inhomogeneity factor 

RE - 2,5 RC - 3 RE - 2 
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