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EFFECT OF THE LOAD CHARACTER AND CRYOGENIC TEMPERATURE
ON ELASTIC PROPERTIES OF TI-6AL-4V TITANIUM ALLOY

R. Soltysiak”

Abstract: The main parameter describing elastic properties of materials is the modulus of elasticity. The
modulus of elasticity is used not only to determine the value of the elastic strain, but in consequence also to
determine the value of the total strain in the range of plastic strain. Therefore, the selection of the
appropriate modulus for specific operating conditions is of decisive importance here. The paper presents a
comparative analysis of the Young’s modulus with cyclic moduli determined for the rising and falling loop,
for the straight line connecting the edges of the hysteresis loop and the average moduli. The tests were
carried out for Ti-6A1-4V titanium alloy at room temperature and cryogenic temperature. The conducted
tests have shown that the values of cyclic moduli change during cyclic loads. The values of the cyclic moduli
for the rising loop are larger than the Young’s modulus.
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1. Introduction

One of the basic material properties used in strength, stiffness and durability analyzes is the tensile
elasticity modulus (Ligaj and Szala, 2012; Lipski, 2016). The modulus of elasticity is used in various
simulations of machines/equipment or their components exposed to static loads (Cichanski, 2016) as well
as loads variable over time (Stopel et al., 2017; Tomaszewski et al., 2016). Appropriate determination of
its value is of key importance here.

The modulus of elasticity during a monotonic tensile test is determined on the basis of the curve obtained
during the test. There are at least three types of moduli: Young’s Modulus, Tangent Modulus, and Chord
Modulus (ASTM E111, 2017). In the case of tests performed with loads varying over time, the moduli,
which are generally called “cyclic” ones for the purpose of this paper, are determined based on the
obtained hysteresis loop diagrams.

There is, among others, a cyclic modulus specified for the branches of the rising loop and for the branches
of the falling loop. In the paper (Maletta et al., 2014) it was demonstrated that for Ni-Ti alloy, for research
performed at room temperature, the cyclic modulus decreases with the first load cycles and then it
stabilizes after the 20th load cycle. While in the paper (Bonisch et al., 2015) the Ti-Nb alloy was tested at
cyclic loading—unloading experiments in compression. There is also one more cyclic modulus presented
there determined as the slope of a straight line connecting the loop corners. The value of this modulus was
between the values of modulus determined from the rising and the falling branches. However, for this
material, cyclic moduli determined for rising and falling hysteresis loops differed even by up to 35%.

In view of the above, doubts arise as to which kind of modulus to use for describing, for example, cyclic
material properties in the form of a cyclic stress-stain curve (CSS) described by the Ramberg-Osgood
equation (R-O) (Ramberg and Osgood, 1943). The existing recommendations (B. Thomas et al., 1989)
indicate that the Young’s modulus E can be estimated by cycling within the elastic limit of the first
quarter of the hysteresis loop at the test temperature for each test. The modulus for describing cyclic
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properties can also be determined as an average value from the value of cyclic moduli determined from
the rising and falling branches of the hysteresis loop (Hales et al., 1993).

This paper presents a comparative analysis of the moduli determined on the basis of the standard
monotonic tensile test (E) with cyclic moduli determined for the rising (Eg) and falling (Ey) loop, for the
straight line connecting the edges of the hysteresis loop (Es) and the average moduli (E,). The tests were
carried out for Ti-6Al-4V titanium alloy at room temperature (RT) and cryogenic temperature (CT). The
studies presented below indicate that the results for cyclic moduli differ from those for the modulus
obtained from the monotonic tensile test. The paper also presents a change in the value of cyclic moduli
as a function of the growing number.

2. Research object and method

The material tested in this study is Ti-6Al-4V titanium alloy. Chemical composition of this alloy and
properties obtained from the static tensile test are presented in Tab. 1. The fatigue tests were carried out
for samples taken from a 10 mm thick sheet metal plate (Fig.1) at RT and at CT. Tests in liquid nitrogen
were carried out using a local compartment. Photographs taken during tests are presented in Fig. 2.

Tab. 1: Chemical composition and mechanical properties of Ti6A14V titanium alloy (Boronski et al., 2017).

Chemical Composition (%) Tensile properties
(0] A% Al Fe Test temp. Su (Rp) Sy (Ry.2) E As
<0.20 3.50 5.50 <0.30 K MPa MPa GPa %
H C N Ti 293 (RT) 908 859 111.7 13.6
<0.0015 <0.08 <0.05 balance 77 (CT) 1392 1344 128.6 12.1
‘_/("’ Ra 0.32

=[6,01A] S
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P

Fig. 2: View of the test measuring at RT (a) and at CT with the measuring part of the sample immersed
in liquid nitrogen (b)

Low-cycle tests were performed using the INSTRON 8502 testing machine while controlling the strain value.
The tests were carried out using an extensometer with a 10 mm measuring base and a measuring range of +/- 1
mm. The tests were carried out at a frequency of 0.2 Hz and a cycle asymmetry ratio of R = -1. The loading
program was divided into three steps: I, III - gradually increasing steps and II - gradually decreasing step. The
sample loading scheme is shown in Fig. 3a. The Eg, Ey and Es cyclic moduli were determined in accordance
with the diagram shown in Figure 3b. The average cyclic modulus is defined as Ex=(Ex+Ey)/2.

3. Results and Discussions

The diagrams of the determined cyclic moduli (Eg, Ey, Es) as a function of the number of cycles and
against the background of the control (total) strain & value and the modulus E are shown in Fig. 4. At the
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beginning of the test, the values of the cyclic moduli and the values of the E moduli are virtually the
same. Then the values of the cyclic moduli begin to change along with the increase in the control strain
and the number of cycles. Initially, the value of most of them (Eg rt, Er c1, Eu.ct, Escr) increases, then a
period of slight changes appears, and after exceeding a certain ¢ value, the values of cyclic moduli begin
to decrease. The drop in the value of Eg gt and Ey gt moduli takes place in the range of € values from 0.68
to 0.87%. While for tests at CT, for a value of € equal to approximately 0.9%.
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Fig. 3: Load implementation program - a) and the scheme for determining the cyclic moduli - b)
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Fig. 4: Comparative analysis of changes in the Ex, Ey (a) and Es (b) values as a function of the
increasing number of cycles

A distinct decrease in the value of the cyclic secant (Eg) modulus is observable for tests at CT. The value
of strain ¢ at which a significant decrease in the value of the cyclic Eg modulus coincides with the value
of strain where the value of Eg and Ey cyclic moduli decreases. While at RT the first significant decrease
in the value of Eg is observed after the 80th cycle and it corresponds to the value of the control strain € of
about 0.7%.

Drops in cyclic moduli, in particular the Es modulus, are associated with the appearance of significant
plastic strain. The appearance of significant plastic strain and accompanying dislocations results in
decrease in the stiffness of the tested sample in the form of a decrease in the value of the tested moduli.
Noticeable decline in the value of cyclical moduli appeared earlier (both as regards the value of € as well
as the amount of load cycles made) at RT than at CT. It has generally been proven that the cryogenic
temperature improves and stabilizes the structure of the crystal lattice of alloy metals (Xu et al., 2016)
which may also cause increase in the value of the moduli at CT compared to RT.

Table 2 also includes the average modulus E, used, as recommended (Hales et al., 1993), in order to
describe CSS. The table also includes statistical analyzes of the results obtained and the difference in the
arithmetic mean of the cyclic moduli was compared to the E modulus. The values of cyclic moduli at CT
are higher than the modulus E. The cyclic modulus Eg is higher even by up to 14% from the modulus E.
Smaller differences are observed for the values of Er and Ey cyclic moduli obtained at RT. The largest
difference concerns the Eg modulus at RT. In this case, a large standard deviation of 26.5 was recorded.
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This is due to the fact that the value of the Es modulus was constantly decreasing starting from around the
half of the tested range.

Tab. 2: The average value and standard deviation of the determined moduli.

Modulus Eg, GPa Ey, GPa Eg, GPa E,, GPa
Test temp. RT CT RT CT RT CT RT CT
Arithmetic average  119.6 146.6 111.0 133.7 93.8 133.6 1153 140.1
Standard deviation 1.9 5.5 4.0 3.9 26.5 15.3 - -
Difference * 7.1 14.0 -0.6 4.0 -16.0 3.9 3.2 9.0
“A=""F.100%, wherex-R,U,S, A

E

4. Conclusions

The paper presents a comparison of Young’s moduli E determined at RT and CT with the following cyclic
moduli: Eg — determined from the reloading loop, Ey - determined from the unloading loop, Eg — determined
from the slope of a straight line connecting the loop corners and E, — determined as the average value from
Er and Ey. The conducted tests have shown that the values of cyclic moduli change during cyclic loads. The
changes are related to the load history as well as the value of the control variable. The value of cyclic
moduli Ey is higher compared to the E modulus. The same applies to the values of E5 moduli. According to
the recommendations, (Hales et al., 1993) when describing the cyclic properties of Ti-6Al-4V titanium
alloy, the value of Ex=115.3 GPa for RT and E, = 140.1 GPa for CT should be assumed.
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