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QUASI-STATIC AND DYNAMIC TENSILE PROPERTIES OF Ti-6Al-4V ALLOY

WEASNOSCI MECHANICZNE STOPU Ti-6A1-4V W QUASI-STATYCZNYCH ORAZ DYNAMICZNYCH WARUNKACH

ODKSZTALCENIA

Ti-6Al-4V alloy is widely used, mainly in aircraft industry, due to its low density, excellent corrosion/oxidation resistance
and attractive mechanical properties. This alloy has relatively low formability, so forming parts of complex geometries out of
this alloy requires precisely controlled thermomechanical processing parameters. In industrial conditions Ti-6Al-4V alloy is
usually processed by forging or extrusion. Ti-6Al-4V alloy is applied for structural parts of aircrafts, which are often exposed
to variable loads and high or cyclically changing strain rates. Moreover, Ti-6Al-4V alloy is often used for structural parts
providing good ballistic performance. That is why the knowledge of the mechanical behaviour of this alloy under dynamic
conditions is important. This work is aimed at the analysis of Ti-6Al-4V alloy behaviour under quasi-static and dynamic
deformation conditions. Both dynamic and quasi-static tensile tests were performed in this research. Moreover, ARAMIS
system, a non-contact and material independent measuring system providing accurate 2D displacements, surface strain values
and strain rates, was applied. The influence of tensile test strain rate on chosen mechanical properties of the investigated alloy
was also discussed. The investigations showed a significant influence of processing strain rate on the mechanical behaviour of
Ti-6Al-4V alloy.
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Stop Ti-6Al-4V jest szeroko stosowany gtéwnie w przemysle lotniczym ze wzgledu na niski cigzar wlasciwy, duza odpor-
no$¢ na korozje¢ oraz wysokie wlasno$ci mechaniczne. Ze wzglgdu na stosunkowo mata podatno$¢ do odksztatcen plastycznych
stopu Ti-6Al1-4V, ksztaltowanie czeSci o skomplikowanej geometrii z tego stopu wymaga bardzo dokladnego doboru warun-
koéw przerdbki cieplno-mechanicznej. W warunkach przemystowych stop ten jest najczesciej ksztaltowany w procesach kucia
lub wyciskania, ktére charakteryzujg si¢ réznymi zakresami predkosci odksztalcania wsadu. Zastosowanie stopu Ti-6Al-4V
obejmuje w duzej mierze wytwarzanie odpowiedzialnych elementéw konstrukcji lotniczych, ktére sg eksponowane na zmienne
obcigzenia w warunkach wysokich lub cyklicznie zmiennych predkosci, oraz ktére czgsto muszg charakteryzowac si¢ doskona-
tymi parametrami balistycznymi. Dlatego istotna w przypadku przedmiotowego materialu jest znajomo$¢ charakterystyk jego
zachowania w warunkach obciazeri dynamicznych. Zauwazyé mozna, ze w odréznieniu od danych otrzymanych w statycznych
warunkach, ilo§¢ publikowanych informacji na ten temat jest niewielka. W pracy przeprowadzono préby jednoosiowego roz-
ciggania probek ze stopu Ti-6Al-4V, ktére prowadzono przy duzych predkosciach odksztalcenia oraz, celem poréwnania, w
warunkach quasi-statycznych. Do analizy wykorzystano system do bezkontaktowych tréjwymiarowych pomiaréw odksztalcert
ARAMIS. Badano wplyw predkosci odksztalcenia na wybrane wlasnosci mechaniczne stopu, obserwacji i analizie poddano
takze powstale podczas realizacji proby rozciggania powierzchnie zniszczenia.

1. Introduction lization or dynamic recovery occurring during hot deformation

was also widely discussed [7-11].

Ti-6Al-4V alloy is the most widely used titanium alloy
due to its attractive specific strength and corrosion resistance
[1]. The mechanical properties of this alloy are dictated by
the initial microstructure and thermomechanical loading his-
tory. Many research works were focused on development of
microstructure of this alloy during thermomechanical process-
ing [2, 3] or on the influence of the initial microstructure of
Ti-6Al-4V alloy on its processing [4-6]. The evolution of the
microstructure of this alloy resulting from dynamic recrystal-
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Ti-6Al-4V titanium alloy is also used for armor materi-
als for military vehicles what requires excellent ballistic per-
formance. Ballistic performance is known to correlate with
dynamic deformation behaviour as well as the formation of
adiabatic shear bands, but information on the dynamic de-
formation behaviour of the Ti-6Al-4V alloy is quite limit-
ed. An adiabatic shear band is a narrow region of highly
localized plastic deformation, and is often observed when
materials are deformed at high strain rates such as ballis-
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tic impact, machining, and high-speed deformation process-
ing.

This work discusses quasi-static and dynamic tensile
properties of Ti-6Al-4V alloy.

2. Material under investigation

Ti-6Al-4V alloy bar with a diameter of 50 mm was used
as a starting material for this research. The microstructure of
as-delivered alloy, consisting of o and S phases, is shown in
Fig. 1.

Fig. 1. Microstructure of as-received Ti-6Al-4V alloy

The chemical composition of the investigated alloy is giv-
en in Table 1.

TABLE 1
Chemical composition (weight %) of Ti-6Al-4V alloy

Ti | Al \' Fe C Mo | Cr | O N H
Bal. | 6.52 {4.17|0.16 | 0.013 | 0.03 | 0.01 | 0.17 | 0.006 | 0.0011

3. Experimental procedure

Plate tensile specimens were cut out from the investi-
gated Ti-6Al-4V alloy by EDM (electro-discharge machining)
and then the surfaces were carefully ground to about 1,5 mm
deep using abrasive paper. Finally, the specimens were pol-
ished to remove surface scratches. At last, a grey scale pattern
was applied on the surface of the specimens to realize the
measurement of strains by means of grey scale correlation
software.

A tensile specimen is shown in Fig. 2, where also the
dimensions in mm and the gauge length with applied grey
scale pattern are displayed.

70

_‘ | Specimen measurements

| Complete specimen |

Gauge length with grey-scale

Fig. 2. Tensile specimen used for static and dynamic tensile tests
with grey scale pattern applied

For the investigations and the characterisation of mate-
rials at high loading speeds a servohydraulic high velocity
test system (SHP) INSTRON VHS 160/20 (Fig. 3) has been
used at ILK.
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Fig. 3. Tensile testing device Instron VHS 160/20 with high speed
camera Phantom v7.2

Special adaptations of the test equipment allow
highly-dynamic tensile, compression and shear tests. The SHP
enables tests of materials and components at high deformation
speeds of up to 20 m-s~! and a maximum force of 160 kN [12].
The testing machine has a specially designed upper gripping
device for gripping the tensile specimen at a defined testing
speed. This design guarantees initial acceleration of the grip
without loading of the specimen. After achieving the test ve-
locity, spacers are pushed out and the upper clamp grabs the
specimen [13]. The function of the upper gripping device is
shown schematically in Figure 4 [14].

Quasi-static and dynamic tensile tests were conducted at
room temperature with testing speeds of 0.0001 m-s~'; 0.1
m-s~! and 1 m-s~!. The reaction force is recorded with a
Kistler 9017A, 400 kN piezoelectric load washer, mechani-
cally preset at 200 kN [14].

For means of strain determination a high speed camera
Phantom v. 7.2 in combination with the grey-scale-correlation
software ARAMIS was implied. This high speed camera is
capable of taking up to 190.000 pictures per second. For the
performed tensile tests, frame rates varied from 10 Hz at the
testing speed 0.0001 m-s~' and 50.000 Hz at 1 m-s~.
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Fig. 4. Schematic upper gripping device of tensile testing machine
(14]

In the present research, ARAMIS system, available at
ILK, was used to determine the tensile strain of each spec-
imen. ARAMIS is a non-contact and material independent
measuring system, providing accurate 2D displacements, sur-
face strain values (major and minor strain) and strain rates for
statically or dynamically loaded test objects. The ARAMIS
system determines the grey scale distribution of the surface of
the investigated object and calculates the displacements and
strains of this distribution between each picture taken by the
digital high speed camera Phantom v. 7.2.

Graphical representation of the calculated data allows ob-
serving and interpreting the mechanical behaviour of the in-
vestigated object.

The results and the method of calculation of tensile strains
by the ARAMIS software during a tensile test with 0.1 m-s™!
is shown in Figure 5.

tensile strain with stage of sample straining distribution of tensile strain
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Fig. 5. Exemplarily strain evaluation by ARAMIS at 0.1 m-s™' —
Tensile strain with stage/Distribution of tensile strain in measurement

area

The left side of Figure 5 displays the change of tensile
strain with the following stages of sample straining, where
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every stage represents one picture taken by the high speed
camera. The amount of tensile strain of each stage is cal-
culated by determination of the average tensile strain of all
pixels of the actual picture. The right side of Figure 5 is
showing the calculation area in which the determination of
tensile strains takes place by the ARAMIS software. It shows
the actual stage which is marked in the left side of the figure
by the vertical, red line (stage 500). The adiabatic shear band
in the middle of the gauge length can be recognized. In this
area the maximum plastic strains are determined to around
18.5%, where the average tensile strain of the gauge length is
determined to around 6%. For the calculation of stress-strain
curves, ILK used the average tensile strains within the gauge
length. These average strains tend to correlate with strains that
are determined between two points in the gauge length, which
would be comparable to the method of measuring strains with
incremental extensometers.

Figure 6 shows the comparison of both methods of deter-
mining the tensile strains at one test exemplarily. The left side
of the figure shows the calculated tensile strains in the gauge
length and the determination area which defines the region
of interest for determining the average strains. Also the two
points between which the elongation of the specimen’s sur-
face is calculated is displayed in this part of the image. These
points are set with an unstrained distance of 50 mm. The left
side of Figure 6 displays the results related to each calculation
method. It can be seen that both curves are nearly equal until
a significant amount of plastic deformation and shear band-
ing are taking place. Total elongation differs for about 0.4%
depending on the measurement method used. Total elongation
calculated from the average tensile strains is about 6.7%, and
total elongation obtained from the gauge length measurements
about 7.1%.
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Fig. 6. Calculation methods for strain determination — field measure-
ment vs. line measurement

For the calculation of the stress-strain-curves the strains
were calculated from the average tensile strains in gauge length
of the sample. Therefore the total elongations tend to be small-
er as compared to the results achieved by “classical” strain
measurement devices like incremental extensometers.

The chosen examples of stress-strain relationships ob-
tained from the tensile tests are shown in Figure 7. Table 2
summarizes the values of the fracture strength (FS), elastic
modulus (E) and total strain to fracture (TSF) for each tested
specimen.
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Fig. 7. Stress-strain curves for Ti-6Al-4V alloy tested in tension at

various strain rates

The tensile tests performed on Ti-6Al-4V alloy under dy-
namic conditions showed higher values of the fracture strength
of the test samples in comparison to the fracture strength of
the samples tested under quasi — static conditions (Fig. 5, Ta-
ble 2). An increase of the tensile test strain rate resulted in
the fracture of the samples at lower value of the total strain,
although observed differences were not considerable (Table
2). Moreover, the changes of the tensile tests strain rate did
not influence the elastic modulus of the investigated material
significantly (Table 2).

TABLE 2
Mechanical properties of Ti-6Al-4V alloy determined in tensile tests
testing velocity FS E TSF
m-s! MPa GPa %
0.0001 940 103 15.6
0.1 1045 104 12.5
1 1078 104 11.0

4. Metallographic investigations

The fracture surfaces of the samples after tensile tests
were examined on Hitachi S3500N scanning electron micro-
scope. Figure 8 shows tensile fracture surfaces of Ti-6Al-4V
alloy.

Most of the fracture surfaces exhibit dimples which are
indicative of ductile rupture. It should be expected, that frac-
ture nucleates in the area of @ phase nucleation, then plastic
flow occurs in the areas of 8 phase — much more ductile,
close to a phase areas. Figure 8 e,f shows the fracture surface
of different character, in which local friction between two ar-
eas of previously formed fractures occurred during straining
the investigated sample in tensile test. An increase of ten-
sile test strain rate resulted in greater number of the areas
in which plastic flow occurred. This observation can signify,
that increasing the strain rate leads to decreasing the number
of fracture nucleuses as well as decreasing the rate of their
propagation.

Fig. 8. Tensile fracture surface of Ti-6Al-4V alloy deformed with
various testing speeds: a, b) 0.0001 m-s™'.; ¢, d) 0.1 ms7'; e, f) 1

m-s~!

5. Conclusions

Basing on the results of investigations of the quasi-static
and dynamic tensile properties of Ti-6Al-4V alloy the follow-
ing conclusions can be drawn:

— The tensile tests performed on Ti-6Al-4V alloy under dy-
namic conditions showed higher values of the fracture
strength of the test samples in comparison to the frac-
ture strength of the samples tested under quasi — static
conditions.

— An increase of the tensile test strain rate resulted in the
reduction of the values of total strain to fracture for the
investigated samples.

— The changes of the tensile tests strain rate did not in-
fluence the elastic modulus of the investigated material
significantly.

— The fracture surfaces of the majority of the tested samples
exhibit dimples which are indicative of ductile rupture.

— Different character of the fracture surface of the sample
tested at highest strain rate can be connected with local
friction between two areas of previously formed fractures
occurred during straining the investigated material in ten-
sile test. An increase of tensile test strain rate resulted in
greater number of the areas in which plastic flow occurred.
This observation can signify, that increasing the strain rate
leads to decreasing the number of fracture nucleuses as
well as decreasing the rate of their propagation.

— The results of the performed investigations can be useful
in the design of Ti-6Al-4V alloy structural parts operating
under high strain rate conditions, in particular for aircraft
or aerospace industry applications.
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