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Abstract

In this work, the e�ect of composition on the fracture surface morphology and fatigue failure behavior of two

vanadium alloys (V±4Ti±4Cr and V±5Ti±5Cr) under cyclic tensile loading was investigated. In the beginning of the

stable crack growth stage, the crack speed for both vanadium alloys is very close; however, in the remainder of the

stable crack growth stage, and the unstable crack stage, the crack speed for V±5Ti±5Cr is higher than that for V±4Ti±

4Cr. The fracture surface features in the stable crack propagation region of the V±4Ti±4Cr show fatigue striations,

drawn-out material, micro-cracks and micro-voids, indicating the various damage species associated with stable fatigue

crack growth. The V±5Ti±5Cr, on the other hand, displayed twinning, cleavage tongues and tearing steps, in addition to

slip in the stable crack propagation region of its fracture surface. Plastic deformation and ductile fracture mechanisms

characterized by tearing and void coalescence can also be observed on the fracture surface in the fast crack region of the

V±4Ti±4Cr. Nevertheless, the V±5Ti±5Cr shows more inter-granular fracture and quasi-cleavage features in the fast

crack propagation region. It was also found that the speci®c energy of damage �c0�, a material parameter characteristic

of the alloys' fatigue fracture resistance, is composition dependent. A 1% increase of both the Ti and Cr content resulted

in about a 30% reduction in the value of c0. This has also resulted in a signi®cant change in the fracture surface

morphology and the fatigue fracture mechanisms. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Metallic materials deform in several ways under cy-

clic loads among which slip and twinning are very

common [1]. Slip is a coherent movement of atoms in a

layer relative to another layer and can occur within

grains or along the grain boundaries [2,3]. Persistent slip

results in slip strips or deformation bands as observed in

many ductile metallic alloys [4,5]. Localized plastic de-

formation or appreciable surface displacement was also

observed due to continuous slip [6,7]. Materials with

small angle grain boundaries normally display lower

strength but higher ductility and toughness than those

with large angle grain boundaries, due to the frequent

slip movement along the small angle grain boundaries

under loading [8].

Twinning is a complex atomistic rearrangement

process of crystals under loading. Twinning often occurs

in body-centered cubic (bcc) crystalline metals or alloys.

Hexagonal close-packed (hcp) metallic materials can

also respond to external loading by twinning. However,

twinning rarely occurs in face-centered cubic (fcc) metals

and alloys, since there are many slip bands in fcc crys-

tals. During the twinning process, the movement of the

lattice along a preferential plane produces the same kind

of crystalline structure, and is symmetrical to the other

part as a mirror image across the plane. The preferential

plane is called the twinning plane, and the crystal on one

side of the plane is a twin of that on the other side [1].

Twinning can form sub-grain boundary [9], and lamella

texture [10]. Twinning can also play a role in fatigue

crack initiation [1].
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Di�erent failure mechanisms corresponding to slip

and twinning can be found in metallic alloys. Slip can

produce the separation of materials internally besides

surface displacement. The internal discontinuities form

voids then join or coalesce to form the fracture surface.

Ductile fracture features can be observed in such a case

as for many metals and alloys [11,12]. Generally, the

voids form at either soft or hard second-phase particles

by de-cohesion of the particle/matrix interface or by

fracture of the particles [13]. In multi-crystalline mate-

rials, voids nucleate along grain boundaries and then

cracking occurs. This is the typical dimpled grain

boundary fracture [14].

Cleavage, on the other hand, is related to twinning

deformation [15]. Speci®cally, in bcc metals and/or al-

loys, the formation of twins leads the crack front to

deviate by separation of the plane between the twin and

the matrix material. Thus, trans-granular cleavage facets

remain on the fracture surface. Quasi-cleavage fracture

as a mixed mechanism has also been found in many

metallic materials [16,17], particularly in bcc structures.

The major characteristic is the cleavage accompanied by

ductile tearing or dimples. This type of failure mode

develops by the formation of micro-cracks and then

extensive plastic deformation of the remaining material.

Inter-granular fracture occurs when the grain

boundaries in materials become weak zones [18]. In

some complex micro-structures containing particles and

second phase interfaces, inter-granular fracture was of-

ten observed [19]. Inter-granular fracture can be along

particles or dimples distributed in a weak zone adjacent

or parallel to the boundaries. Since grain boundaries are

especially sensitive to environmental factors such as

corrosive substances, hydrogen embrittlement, inter-

granular fracture or separation often occurs under such

conditions. Impurity segregation can also promote inter-

granular fracture. Investigation into the fracture be-

havior of some materials shows the transition of fracture

mechanisms from one form to another, for example,

from trans-granular to inter-granular or from inter-

granular to trans-granular [20±22]. This is particularly

manifested when the amount of an element in the ma-

terial system is changed [23].

Vanadium alloys, a new class of metallic materials,

have been considered for use in the ®eld of nuclear

power generation. However the e�ect of composition on

the fracture and fatigue behavior have not been fully

studied. It was found that the mechanical behavior of

vanadium alloys depends on the amount of alloying el-

ements [24,25]. Recent studies have shown that the ter-

nary alloy system of vanadium±titanium±chromium has

signi®cant importance in the development of vanadium

alloys. Addition of a small amount of titanium can im-

prove the ductility of the vanadium alloys. Titanium can

act as a deoxidizer; removing soluble oxygen and ni-

trogen in the form of dispersed sub-oxides and nitrides

[26,27]. The addition of chromium can increase the

strength [24] without a�ecting the forgeability of the

alloys.

Vanadium alloys, with titanium and chromium as

basic alloying elements, have found promising applica-

tions especially as candidate materials for tritium

breeding blankets and in the ®rst wall of fusion reactors

[28,29]. V±Ti±Cr alloys possess weldability by means of

argon-arc welding with enhanced protection, as well as

electron-beam welding. Welded joints of vanadium al-

loys are rather resistant to the formation of hot cracks

and the weldment of vanadium alloys do not need any

additional heat treatment [24]. In addition to the above

advantages, the chemical inertness of V±Ti±Cr alloys in

liquid metals, such as lithium and lithium based alloys, is

very important for structural applications in fusion re-

actors. The mechanical properties of such alloys are

stable under the simulated lithium circulating condi-

tions. Vanadium alloys with titanium and chromium can

trap or lead to localization of nitrogen impurities ab-

sorbed from lithium in ®ne surface layers where it is

present in the form of titanium nitride (TiN) [28]. The

TiN ®lm, with dense structure and extremely high in-

ertness, is protective and prevents an increase in the rate

of the metal mass transfer. Experimental studies per-

formed by Evtikhin and Lyublinski [30] revealed that the

mass transfer of the V±Ti±Cr system alloy by means of

lithium ¯ow containing the nitrogen impurity up to

500 ppm is substantially lower than permissible values.

V±Ti±Cr alloy has very low activity when exposed to

high temperature water-steam circulation in heat ex-

changers. This is due to the formation of the ®ne passive

oxide ®lms such as TiO2 and Cr2O3. These passive ®lms

are highly protective by impeding the process of

hydrogen saturation of alloys [31].

Characterization of the mechanical properties of va-

nadium alloys reveals ductile behavior under monotonic

over-loadings at various testing temperatures [32]. The

V±Ti±Cr system shows an ideal combination of low

room temperature strength and high ductility, high ele-

vated temperature strength and non-heat-treatability

[28]. Studies of the tensile properties at ambient and

elevated temperatures have demonstrated that the per-

centage of titanium in binary alloys for optimum

strength decreases with the increase of temperature. The

tensile strength of V±Ti alloys at elevated temperatures

can be enhanced by a third metal such as chromium.

Stress rupture data have been acquired for V±Ti±Cr

alloys for further evaluation of the high temperature

fracture behavior and creep. At temperature ranges

from 500°C to 700°C, it was found that the stress rup-

ture limits are highly temperature dependent, and higher

contents of titanium with third metal addition are very

useful for increasing the creep strength [24].

The tensile properties of vanadium alloys can be af-

fected by radiation. Increase in ultimate tensile strength
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and yield strength of several alloy systems including

V±Ti±Cr alloys have been observed after neutron irradi-

ation at temperatures of 400±700°C to considerably high

¯uences in the range 1021±1023 cmÿ1. The plasticity of all

the vanadium alloys decreases after irradiation. V±15Ti±

7.5Cr alloy, demonstrated up to a 25% increase in yield

strength at 600°C, after having been irradiated at the

same temperature [32]. The tensile properties of V±Ti±

Cr ternary alloys are relatively stable over a temperature

range from 25°C to 800°C. The increase in strength is

observed after irradiation [33]. Nevertheless, the high

temperature creep rate can be increased upon irradiation

[28]. It was also found that irradiation can cause both

low temperature embrittlement and high temperature

embrittlement, thus degrading the mechanical properties

of vanadium alloys. The low temperature embrittlement

occurs at temperatures lower than 300°C; while the high

temperature embrittlement appears in the temperature

range 700±1000°C. Titanium is e�ective in suppressing

the low temperature embrittlement, and chromium has

the function of alleviating the high temperature em-

brittlement. Furthermore, the titanium can also reduce

the swelling tendency of vanadium alloys during irradi-

ation [34].

The e�ect of composition on the fatigue behavior of

vanadium alloys has had very little focused research,

and data on the fatigue properties are extremely lim-

ited. Comparative studies on the fatigue behavior of

stainless steel and vanadium alloys have been per-

formed [35]. Vanadium alloys of V±Ti±Cr and V±Cr±

Fe±Zr systems were fatigue tested under various tem-

perature conditions including room temperature, 550°C

and 650°C. The fatigue properties of the V±Cr±Fe±Zr

alloy system are inferior to that of the V±Ti±Cr alloys,

namely V±5Ti±15Cr at the three test temperatures. The

fatigue lifetime of unalloyed vanadium at room tem-

perature has been found to change with the hydrogen

content [36]. The crack initiation lifetime increases with

the increase of hydrogen content; while the propaga-

tion lifetime decreases. These limited data appear to be

insu�cient for understanding the e�ect of each alloying

and extraneous element on the fatigue crack resistance.

In addition, the related fracture and fatigue failure

mechanisms of V±Ti±Cr alloys especially the V±4Ti±

4Cr and V±5Ti±5Cr have not been studied. In the

present work, the e�ect of composition on the fracture

and fatigue failure behavior of V±4Ti±4Cr and V±5Ti±

5Cr alloys has been investigated. Tension±tension fa-

tigue experiments followed by microscopic examination

of the fatigue fracture surface of each alloy was

performed to identify the fracture mechanisms and

the associated damage species. The speci®c energy

of damage �c0� [37], a material constant characteristic

of the fatigue fracture resistance was generated for

each material and its dependency on composition was

established.

2. Materials and experimental

The materials used in the present work are V±4Ti±

4Cr and V±5Ti±5Cr alloys, manufactured by Wah

Chang of Albany, OR, with heat numbers 832864

and 832394 respectively. Rectangular specimens

60 mm� 12:5 mm� 1 mm were machined. An initial

1.25 mm 60° V-notch was introduced at the center of

one free edge. Fatigue pre-cracking was performed until

the crack length reached 3.0 mm. The fatigue tests were

conducted at room temperature under load control

conditions at a frequency of 3 Hz using an MTS 810

hydraulic testing machine. A sinusoidal wave form was

used with a maximum tension stress of 130 MPa, and a

minimum tension stress of 13 MPa. The crack length at

various intervals of number of cycles was measured

optically using a video camera with a zoom lens con-

nected to a video system. For each material, a total of

three samples were tested. The fatigue fracture surfaces

of each material were examined using a Hitachi S-2150

scanning electron microscope.

3. Results and discussion

3.1. Composition±fatigue fracture morphology relation-

ship

The fatigue fracture surface for typical V±4Ti±4Cr

and V±5Ti±5Cr samples is shown schematically in Fig. 1.

The notch is at the left-hand side of the samples. The

crack propagation direction is from left to right. In ad-

dition to the threshold region produced in the pre-

cracking stage, the fracture surface can be divided into

two regions according to the morphological features

observed. The stable crack region is about 7 mm in

length. In the beginning of this region, both V±4Ti±4Cr

and V±5Ti±5Cr display some roughness on the fracture

surface. A micrograph, Fig. 2, taken from location `A' in

Fig. 1, for V±4Ti±4Cr shows cavitation and micro-void

coalescence. Such a feature is generally formed under

slip and ductile tearing [38]. Fine ridgelines along the

crack growth direction are clearly shown in Fig. 2,

Fig. 1. Schematic representation of the fatigue fracture surface

showing the various regions and locations of the microscopic

examination.
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indicating a high energy consuming process associated

with the crack growth in the beginning of the stable

crack region in the V±4Ti±4Cr alloy. In the V±5Ti±5Cr

alloy a mixed mechanism of ductile tearing and cleavage

was found as shown in Fig. 3; a micrograph taken from

the same location `A' as shown in Fig. 1. Although some

cleavage tongues, similar to other metallic alloys [39],

are clearly shown in Fig. 3, the ductile tearing is the

major failure mechanism which is very common in most

metallic materials containing alloy elements [40].

In the middle of the stable crack propagation region,

location B in Fig. 1, the fracture surfaces of each of the

two vanadium alloys display extensive plastic deforma-

tion associated with the crack growth. This indicates

that slip deformation mechanism exists during the fa-

tigue fracture process. This feature is more evident in the

V±4Ti±4Cr as shown in Fig. 4; a micrograph taken from

location `B' in Fig. 1. Drawn-out ridges in the form of

elongated `strips', microcracks, inter-crystalline separa-

tion and ill-de®ned fatigue striations are the major

fracture surface features of the V±4Ti±4Cr alloy. An

SEM micrograph for the V±5Ti±5Cr, Fig. 5, shows a

considerably rough fracture surface with no obvious

fatigue striations. Pulled-up material due to slip and

tearing, twinning, and cleavage tongues can also be

found. In addition, several cleavage facets due to the

inter-granular fracture are seen on the fracture surface

of the V±5Ti±5Cr alloy in the middle of the stable crack

growth region.

Fig. 3. An SEM micrograph taken at the beginning of the

stable crack propagation region of the V±5Ti±5Cr, showing

mixed fracture mechanism characterized by ductile tearing and

cleavage tongues.

Fig. 4. An SEM micrograph taken from the middle of the

stable crack propagation region for the V±4Ti±4Cr, showing

tearing ridges, microcracks, and elongated strips.

Fig. 5. An SEM micrograph taken from the middle of the

stable crack propagation region for the V±5Ti±5Cr, showing

twinning (at A), cleavage tongues (at B) and pull-up materials

due to slip and tearing (at C).

Fig. 2. An SEM micrograph taken from the beginning of the

stable crack propagation region of the V±4Ti±4Cr, showing ®ne

ridge lines.
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Location C, as shown in Fig. 1, represents the tran-

sition zone between the stable and unstable crack

growth regions. Fig. 6, an SEM micrograph for the

V±4Ti±4Cr alloy taken from this location shows the

fracture surface of the transition zone. The left side of

the micrograph, the end of the stable crack region,

contains tearing ridges and microvoids. The right side of

Fig. 6, the beginning of the unstable crack growth

region, is comprised of dimples (top) and a shear lip

(bottom). For the V±5Ti±5Cr alloy, the fracture surface

in its transition zone reveals more cleavage features.

Inter-granular separation, mechanical twinning, and

cleavage facets are clear in the right side of the micro-

graph in Fig. 7. Tearing ridges, ill-de®ned fatigue stria-

tions and secondary microcracks are the major features

in the left side of Fig. 7. Much fewer slip and tearing

features can be observed in Fig. 7, which suggests that

the fracture mechanism in this region is more brittle-like.

It is also obvious that with the increase in the content of

both Ti and Cr, vanadium alloys demonstrate the

transition in the fracture mechanism from a ductile

mode to mixed mode, which is also observed in some

low carbon content steels [41].

The unstable crack growth region of both vanadium

alloys, location D in Fig. 1, was also examined. The V±

4Ti±4Cr shows a slanted fracture surface with a single

shear lip, as described previously [42±44]. However, no

shear lips were found in the unstable crack propagation

region of the V±5Ti±5Cr. Typical fracture surface mor-

phologies, associated with the unstable crack region for

both V±4Ti±4Cr and V±5Ti±5Cr alloys, are shown in

Figs. 8 and 9, respectively. These micrographs were

taken from location `D' in Fig. 1. From Fig. 8, the mi-

crograph for V±4Ti±4Cr, it can be seen that plastic de-

formation was produced in the ®nal stage of the fatigue

crack propagation. The material was extensively drawn-

out and numerous equiaxed tensile dimples with diver-

si®ed sizes are shown in Fig. 8. All these fracture surface

features demonstrate a ductile fracture mechanism in the

V±4Ti±4Cr. The fracture surface morphology of the

V±5Ti±5Cr in the unstable crack growth region displays

completely di�erent features in comparison with that of

the V±4Ti±4Cr alloy. Fig. 9, an SEM micrograph for the

V±5Ti±5Cr taken from the same location `D', clearly

shows cleavage facets, river patterns, and inter-granular

secondary cracks. The more obvious inter-granular

fracture surface may be due to the precipitation in the

grain boundaries. Normally, aggregated precipitates

along grain boundaries will promote the inter-granular

fracture [45±47]. This can be the explanation of the more

Fig. 6. An SEM micrograph taken from the transition zone of

the V±4Ti±4Cr, showing tearing ridges and intergranular voids

as well as dimples.

Fig. 7. An SEM micrograph taken from the transition zone of

the V±5Ti±5Cr, showing cleavage facets (at A), twinning (at B)

and tearing (at C).

Fig. 8. An SEM micrograph taken from the unstable cracking

region of the V±4Ti±4Cr showing numerous equiaxed dimples.
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brittle fracture behavior of the V±5Ti±5Cr in the ®nal

stage of the fatigue crack propagation.

3.2. Composition±fatigue crack propagation kinetics

relationship

The relationship between the crack length, a, and the

number of cycles, N, for both V±4Ti±4Cr and V±5Ti±

5Cr is shown in Fig. 10. It can be seen that the total

fatigue lifetime of the V±4Ti±4Cr alloy is approximately

130,000 cycles, while that for the V±5Ti±5Cr, is only

about 95,000 cycles. In the fatigue crack length range of

3 to 5.5 mm, the two vanadium alloys almost have the

same fatigue behavior. It takes about 80 000 cycles for

the two materials to reach the same crack length of

5.5 mm. Beyond 5.5 mm crack length, the a±N curve of

the V±5Ti±5Cr is steeper than that of the V±4Ti±4Cr.

This indicates that the crack propagated faster in the

V±5Ti±5Cr than in the V±4Ti±4Cr.

The relationship between the crack speed, da/dN, and

crack length, a, for both vanadium alloys is shown in

Fig. 11. This relationship was used instead of da/dN

versus DK (the stress intensity factor range) in order to

correlate the FCP kinetics with the fracture surface

features at di�erent crack lengths. The curves in this

®gure display two stages of crack growth kinetics. The

®rst stage corresponds to the stable crack propagation,

while the second stage demonstrates the unstable crack

growth. In the ®rst stage, a considerably slow crack

growth behavior is observed. It is due to the damage

formation and evolution in the vicinity of the main

crack. This has been con®rmed by the fracture surface

features identi®ed in Figs. 2 and 3. The two curves ap-

proached asymptotic values in the unstable crack

growth stage. It must be noted that before the ®rst re-

gion, there exists threshold behavior in the cyclic process

of the pre-crack formation, as commonly observed in

the fatigue of other metallic materials [48,49]. This was

also shown in our earlier work on the V±4Ti±4Cr [42]. A

comparison of the crack speed of the two vanadium

alloys indicates that in the beginning of the stable crack

propagation stage, the crack growth rate for both

V±4Ti±4Cr and V±5Ti±5Cr is very close. At the crack

Fig. 10. Fatigue crack length, a, versus the number of cycles, N,

for the V±4Ti±4Cr and V±5Ti±5Cr alloys.

Fig. 9. An SEM micrograph taken from the unstable cracking

region of the V±5Ti±5Cr featured by cleavage facets (at A),

river patterns (at B), and inter-granular separation (at C).

Fig. 11. Fatigue crack propagation speed, da/dN, versus crack

length, a, for the V±4Ti±4Cr and V±5Ti±5Cr alloys.

H.A. Aglan et al. / Journal of Nuclear Materials 278 (2000) 186±194 191



length of 3 mm, both alloys have a crack speed of about

1:0� 10ÿ8 m=cycle. As the crack moves, the crack speed

increases for both alloys. When the crack length in-

creases from 3 to 4.5 mm, the crack speed increases to

3:0� 10ÿ8 m=cycle for both alloys. Above a crack length

of 5 mm there exists a di�erence between the crack

growth rate for the two vanadium alloys. The V±5Ti±

5Cr alloy shows higher crack speed than the V±4Ti±4Cr

at any crack length above 5 mm. This is attributed to the

mixed fracture mechanisms of ductile tearing and

cleavage associated with the V±5Ti±5Cr alloys.

3.3. Composition-fatigue crack growth resistance rela-

tionship

The speci®c energy of damage, c0, a material pa-

rameter characteristic of the V±4Ti±4Cr and V±5Ti±5Cr

alloys' resistance to fatigue crack growth, was generated

using the Modi®ed Crack Layer (MCL) theory [42]. In

this analysis, the crack length, a, crack speed, da/dN, the

energy release rate J �, and the change in work _Wi , were

employed for the evaluation of c0. The procedures for

the evaluation of c0, have previously been demonstrated

[37,42,50,51]. According to the MCL theory, plots of

J �=a versus _Wi=�a�da=dN�� for the two vanadium mate-

rials should give two separate straight lines, with c0 being

the intercept of the lines. This is shown in Fig. 12. The

values of c0 for the V±4Ti±4Cr and V±5Ti±5Cr were

found to be 2500 and 1700 kJ/m3, respectively. A higher

value of c0 indicates higher resistance of the material to

crack growth, since more energy is required to cause a

unit volume of the material to change from an undam-

aged state to a damaged state. This suggests that the

V±4Ti±4Cr has a higher fatigue fracture resistance than

the V±5Ti±5Cr.

The crack speed versus the energy release rate for the

V±4Ti±4Cr and V±5Ti±5Cr alloys is shown in Fig. 13. It

can be seen from this ®gure that as the energy release

rate increases, the crack speed, da/dN, increases. The

two curves display similar fatigue crack propagation

behavior, a stable crack propagation stage followed by a

stage of unstable crack propagation over almost the

entire energy release rate range. The tendency of the

fatigue crack propagation kinetics is basically in agree-

ment with the calculated results of crack speed, da/dN,

versus crack length, a, as shown in Fig. 11. The depen-

dency of the FCP kinetics on the composition is also

shown in Fig. 13. It is clear that the V±5Ti±5Cr dem-

onstrates faster crack speed than the V±4Ti±4Cr over

almost the entire energy release rate range. Thus, the

higher the content of Ti and/or Cr, the higher the crack

speed. This is in agreement with the results of the frac-

ture surface morphology examination and fracture

mechanisms analysis of these two alloys.

4. Conclusions

It was found that the fatigue fracture surface mor-

phologies of the vanadium alloys are composition de-

pendent. In the beginning of the stable crack region, the

fracture surface of V±4Ti±4Cr shows a great number of

micro-cracks, voids, and drawn-out material indicating

fatigue damage evolution and high energy consumption

during FCP, while the V±5Ti±5Cr demonstrates twin-
Fig. 12. Fatigue crack propagation data to obtain c0 using the

Modi®ed Crack Layer (MCL) theory.

Fig. 13. The fatigue crack propagation speed versus the energy

release rate for the V±4Ti±4Cr and V±5Ti±5Cr alloys.
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ning, cleavage tongues and tearing steps. In the stable±

unstable crack transition area, the V±4Ti±4Cr demon-

strated a ductile fracture mechanism, while the V±5Ti±

5Cr shows quasi-cleavage features. The unstable crack

of V±4Ti±4Cr is characterized by ductile fracture fea-

tures with dimple formation associated with extensive

plastic deformation. The V±5Ti±5Cr, on the other hand,

displayed brittle fracture features in the form of cleavage

and inter-granular separation.

The fatigue failure behavior and fracture mechanisms

of vanadium alloys showed strong composition depen-

dency. Two distinct fatigue fracture stages can be ob-

served, a stable crack stage followed by an unstable

crack propagation stage. The higher the alloy composi-

tion, the faster the fatigue crack growth. The speci®c

energy of damage, c0, a material parameter characteristic

of the vanadium alloys' resistance to FCP was found to

be dependent on the alloy composition. A 1% increase of

both the Ti and Cr content resulted in about a 30% re-

duction in the value of c0. The drop in resistance is

manifested by the quasi-brittle morphological features

observed on the fracture surface of the V±5Ti±5Cr alloy.
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