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Influence of the structural state and oxide coating on the mechanical

stability of VT1-0 titanium under its cyclic loading
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It was found that the fatigue properties of submicrocrystalline titanium are significantly higher than those for its

coarse-grained state. The application of the oxide coating leads to a slight increase in these properties for titanium

with a submicrocrystalline and coarse-grained structure. Some features of fatigue fracture of submicrocrystalline

and coarse-grained titanium are analyzed.
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1. Introduction

Titanium, due to its specific properties (low density,

corrosion resistance, good biocompatibility), is the main

structural material in the medical field [1,2]. Considering

this the manufacturing of high-strength titanium, and stu-

dying the effect on the evolution and stability of its strength

characteristics under conditions of long-term cyclic loading

is very important. Equally important is the assessment of

the oxide coating effect on the titanium strength, which

improves the biocompatibility of titanium implants with the

human body [1]. Currently, for manufacturing the high-

strength titanium with submicrocrystalline (SMC) structure,
the methods of severe plastic deformation (SPD) are usually
used [3–5]. However, the structure formed during SPD is

unstable [5,6], and its evolution during long-term loading

can lead to the strength properties decreasing [7,8]. It is

also important to evaluate the surface coating contribution

to these properties.

Considering all of the above, the main goal of this

paper was to study the effect of complex cyclic loading

by the magnitude and mechanical stability of the strength

properties of titanium with SMC and coarse-grained (CG)
structure, and to assess the contribution of the oxide coating

to the evolution of these properties. When analyzing the

features of fatigue failure, the previously obtained results

were considered [9–13].

2. Materials and methods

The object of studies in this paper is technical purity

titanium (VT1-0 alloy) in the SMC and CG states. The SMC

state was obtained according to the mode of mechanical-

heat treatment developed by the authors [2] with use of

longitudinal and helical rolling, which makes it possible to

obtain SMC titanium rods with a diameter of 4−10mm.

In this paper we used titanium rods of VT1-0 alloy with

diameter of 8mm, which were subjected to final annealing

at a temperature of 623K for 3 hours to relieve internal

stresses of the first kind. After said treatment the alloy

is characterized by a homogeneous grain-subgrain structure

with an average size of structural elements of the order of

190 nm. The homogeneous recrystallized structure VT1-0

(CG state) was obtained from the SMC structure by holding

at T = 823K for one h. The average grain size for the CG

state is 2.35µm.

To study the fatigue properties the samples were made

from rods with working area thickness of 1mm and a

width of 3mm. A coating with a thickness of 8−10µm

was applied to the surface of the samples both in the

SMC, and in the CG state by the method of microarc

oxidation (MAO). The coating composition includes silicon

oxides (min. 30mol.%), calcium oxides (min. 2.5mol.%),
phosphorus oxides (max. 6mol.%), sodium oxides (from 0.5

to 3.0mol.%), as well as titanium oxides (min. 20mol.%).
Such coatings having high macroporosity and good

wear resistance, are successfully used in these days in

prosthetic care and dentistry [1]. Titanium dentures with

biocompatible coating can stay in the human body for many

years. Throughout this period, they experience cyclic loads.

Therefore, the fatigue life study of titanium, including with

applied coating, is one of the urgent tasks in biomedicine.

To study the fatigue characteristics under a tensile load

for samples of titanium alloy VT1-0, Instron Electropulse
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E3000 testing machine equipped with an electromagnetic

drive was used in a loading mode with a frequency of 50Hz

at room temperature. The tests were carried out according

to the tensile loading scheme in a symmetric sawtooth

cycle in the loading region 0.9σmax−0.2σmax . The limiting

number of cycles for the samples studied was 2 · 106, and

the load value, at which no failure occurred at this number

of cycles, was used as a characteristic of the conditional

endurance limit.

One of the reasons of SMC titanium instability, which

contributes to a its strength properties decreasing under

prolonged loading, can be associated with the nanoporosity

formation during SPD. Indeed, it is shown in [9–16] that, un-
der different SPD methods pores with sizes ∼ 10−100 nm

are formed in metals and alloys. The presence of such

nanopores practically does not affect the strength charac-

teristics under
”
short-term“ loading (ultimate strength, yield

strength, microhardness), but under conditions of long-term
loading in the creep and fatigue mode these nanopores

can be
”
centers“ of the microfracture development reducing

high mechanical properties and mechanical stability of

titanium [7].
Considering this circumstance, the parameters of

nanopores were determined, and their amount was es-

timated by the method of small-angle X-ray scattering

modernized by the authors [9,10,17]. Besides, the titanium

density before and after SPD was measured using the

method of precision triple hydrostatic weighing (the error

did not exceed 10−4). Density and its change (density
defect) made it possible to estimate the total amount of

damage introduced by SPD. Comparison of the density

defect and the amount of nanopores revealed by the method

of small-angle X-ray scattering allows the contribution

calculation of the latter to the total damage due to SPD.

Using the method of scanning electron microscopy, we

obtained and analyzed data on the fracture surface of SMC

and CG titanium samples after fatigue testing at 2 · 106

cycles and break.

3. Results and discussion

First of all, let us consider and analyze the results of

cyclic tests for samples of SMC and CG titanium. Fig. 1

shows for these samples the applied loads value (in the

region 0.9σmax−0.2σmax) vs. the number of cycles (Weller

curves). The conventional endurance limit (CEL) was

determined by the curve, the equation of which was selected

according to the experimental points by the least squares

method. As a result, it was found that the value of the con-

ventional endurance limit for titanium with SMC-structure

is 611 ± 8MPa, and for titanium with CG-structure —
450± 8MPa. Thus, for 2 · 106 loading cycles, the CEL

of titanium with SMC structure by ∼ 1.4 times exceeds the

same for the CG analog. It is revealing that the fatigue

curves for SMC titanium are much higher than for the CG

state in the entire range of the studied loads.
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Figure 1. Weller curves of VT1-0 titanium in various states:

1 — CG state, 2 — CG state+MAO-coating, 3 — SMC state,

4 — SMC state+MAO coating.

However, as can be seen from Fig. 1, for SMC titanium

the fatigue curve decreases more sharply with increased

number of cycles than for CG titanium. This leads to the

fact that in the process of cyclic loading
”
the efficiency“ of

SMC state decreases: at 2 · 105 cycles, the CEL of SMC

titanium was by 1.6 times higher than for CG titanium, and

at 2 · 106 cycles, this ratio decreased to 1.4.

The drop of
”
efficiency“ of SMC structure can be associ-

ated with the development of damage (mainly nanoporosity)
in SMC titanium after SPD.

Indeed, the results of the investigated MRD of the

samples of SMC and CG titanium subjected to small-

angle X-ray scattering before their fatigue tests showed that

nanopores ∼ 20 nm in size are formed in SMC titanium

after SPD.

Fig. 2 shows the second invariant of X-ray scattering

before and after sample exposure to hydrostatic pressure

1GPa. As shown in [9,10,17], this pressure tends to heal

the discontinuities.

This makes it possible to reveal the fraction of small-

angle scattering caused by the presence of discontinuities.

Assuming a spherical shape of the nanopores according

to [17,18] their average sizes and concentrations, as well

as the volume fraction were estimated. It was found that for

SMC titanium the volume fraction is ∼ 4 · 10−4.

Similar studies carried out for titanium in the CG

state practically did not reveal the nanoporosity presence.

Obviously, high-temperature annealing, which was used to

obtain CG titanium, led to significant healing of nanopores.

We also measured the density of CG- and SMC-titanium

before testing them under cyclic loading. It was identified

that the density of CG titanium is 4.4983, and that of

SMC titanium — is 4.4963 g/cm3, i.e. much less. The

density defect when comparing SMC titanium containing

nanopores and nonporous CG titanium was 4.4 · 10−4. This

value is in good agreement with the number of nanopores
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Figure 2. Curves of second invariants of X-ray scattering for

VT1-0: 1 — SMC state, 2 — SMC state after application of

hydrostatic pressure 1GPa.

revealed in SMC titanium by the method of small-angle

X-ray scattering. The latter indicates that the softening

formed in SMC titanium during its production by the SPD

method is mainly due to the formation of nanoporosity.

Thus, a slight decreasing of the conventional endurance

limit during fatigue loading is obviously due to the evolution

of the nanoporosity, which was formed during the prepa-

ration of high-strength SMC structure. Nevertheless, the

mechanical stability of SMC titanium remains rather high,

and its conventional endurance limit after 2 · 106 cycles, as

it was already noted, is much higher than for the CG state.

The effect of the nanoporosity formed in SMC titanium

during SPD on the conventional endurance limit is also

confirmed by the data obtained by the authors earlier [12].
In the range of 104−107 cycles Weller curves were

obtained for two batches (
”
A“ and

”
B“) of SMC titanium

manufactured in the same mode as in the present paper.

Structural studies shown that the grain size (∼ 190 nm) and
their misorientation in batches

”
A“ and

”
B“ are the same.

However, the conventional endurance limit of the samples

in the batch
”
A“ turned out to be 252, and in the batch

”
B“ — 212MPa. In this case, the level of nanoporosity

formed after SPD in the batch
”
B“ turned out to be higher

than in the batch
”
A“.

Note that the higher nanoporosity of SMC titanium of the

batch
”
B“ is obviously due to the higher (than in the batch

”
A“) content of non-metallic inclusions such as carbides.

In the process of high SPD these inclusions contribute

to the formation of increased concentration of vacancies,

the coagulation of which leads to the formation [10] and

decreasing of CEL and durability under cyclic loading.

In this regard, it is important to note that under long-term

loading and under conditions of high-temperature creep of

a number of SMC metals and alloys prepared by different

SPD methods, it is the evolution
”
of the initial“ nanopores

that leads to their decreased durability (mechanical stability).
Thermobaric healing of nanopores formed during SPD

process makes it possible to increase the durability (service
life) of high-strength SMC-metals and alloys [7,8].
The totality of the data obtained and considered above

assumes that the mechanical stability of implants made of

SMC titanium can also be increased due to the development

of optimal modes of healing the discharge-type damage

formed in them during SPD.

Let us now consider and analyze the data obtained in this

paper on the fatigue characteristics of SMC and CG titanium

with oxide coatings applied on their surface (Fig. 1). These
coatings have a branched porous surface (Fig. 3), which,

as noted earlier, enhances the biocompatibility of implants

with the human body. Besides, as it follows from the data

obtained (Fig. 1), the oxide coatings also lead to a slight

increasing of fatigue properties (Weller curves) within the

entire studied range of cyclic loads. This hardening effect of

coatings occurs for both SMC and CG titanium. However,

the fatigue curve decreasing with increased number of

cycles for SMC samples with coatings occurs more sharply

than for CG samples with coatings. A similar effect is

observed for SMC and CG titanium without coatings, but

in the case of coatings it is even stronger. For example, for

coated SMC titanium at 2 · 105 cycles, the CEL is by 1.8

times higher than for CG titanium. For 2 · 106 cycles this

ratio is 1.4. In other words, in cyclic tests of SMC titanium

with coatings the tendency for the conventional endurance

limit decreasing with number of loading cycles increasing is

even slightly higher than for SMC titanium without coatings.

It seems that the main reason for the
”
efficiency“

decreasing of SMC titanium with and without coatings is the

evolution under cyclic loading
”
of the initial“ nanoporosity.

In the case of coated SMC titanium there is obviously one

more factor effecting the Weller curve change. This factor

can be the surface morphology of SMC and CG titanium, on

which the oxide coating is applied. It is known that under

10 mm

Figure 3. Image of the surface morphology of MAO coatings on

VT1-0 alloy. Scanning electron microscopy at a magnification of

100 000 at an angle of 45◦ .
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Figure 4. Image of fracture surface of the VT1-0 sample with

MAO coating in the fatigue fracture area; A — MAO-coating,

B — metal–coating interface.
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Figure 5. Image of fracture surface of VT1-0 sample with MAO

coating in the fatigue fracture area after break; A — peeled MAO-

coating, B — area of MAO coating peeling.

50 mm

Figure 6. Image of fracture surface in the near-surface region of

the coated VT1-0 sample after fatigue tests in the break region.

cyclic loading the role increases of surface defects [19–21]
and features of the dislocation-disclination structure of thin

(∼ 10−30µm) near-surface layers [22–24]. It is possible

that annealing at a rather high temperature, which was

carried out to transfer the SMC structure to the CG state,

led to a less defective surface structure of CG titanium as

compared to the SMC analog. This circumstance increases

the ratio of the conventional endurance limit at 105 loading

cycles of SMC and CG titanium with coatings as compared

with these samples without coatings.

Let us now consider some of the results of electron

microscopic studies, which were carried out when studying

the rupture surface of samples after cyclic loading and

bringing them to rupture under active loading.

The main focus of these studies was on the effect of

coatings and their relationship to fatigue failure. First of

all, note that the data obtained on the fracture surface

indicate the absence of coating peeling during the samples

destruction (Fig. 4). Peeling is observed only in the area of

destruction due to large local deformation of the samples

during their breakage (Fig. 5). This indicates a good

adhesion of the coatings to the surface of the titanium

samples. In surface titanium samples coatings have a

hardening effect and resist to plastic deformation. This is

confirmed by the change in the direction of the pits shape

during fatigue failure in the near-surface layers: the pits

are not elongated along the direction of the load, but are

perpendicular to the surface of the coating (Fig. 6). (As
you know, the pits stretch along the maximum load).

It is likely that the higher value of fatigue strength for

specimens with coatings is associated with their effect

on the healing of surface and near-surface defects, which

are
”
centers“ for the fracture development under cyclic

loading. It also cannot be excluded that oxide coatings

can have higher mechanical characteristics than SMC and

CG titanium, and their application contributes to increased

fatigue characteristics.

4. Conclusion

It was established that the conventional endurance limit

(CEL) at 2 · 106 loading cycles for SMC titanium with

and without coatings is by 1.4 times higher than that of

similar CG titanium. Oxide coatings lead to a small (∼ 8%)
increasing of the fatigue characteristics of SMC and CG

titanium over the entire range of study of cyclic loading.

A tendency of CEL decreasing in SMC titanium with

increased number of loading cycles is found. For example,

for SMC titanium without coatings CEL at ∼ 2 · 105 cycles

was by 1.6 times higher than for CG titanium. Structural

studies shown that the observed effect (CEL ratio decreased

from 1.6 to 1.4) may be due to the evolution of damages

(especially nanoporosity) formed during SPD upon the

formation of the SMC state.

For coated SMC titanium this effect at 2 · 105 loading

cycles turns out to be 1.8, i.e. much more. The nature of

the hardening effect of oxide coatings on durability and CEL

under cyclic loading of SMC and CG titanium is analyzed.
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