Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 514-526

Transactions of
Nonferrous Metals
Society of China

£ slls Science
ELSEVIER Press

WWWw.thmsc.cn

Effect of cryogenic and aging treatments on
low-energy impact behaviour of Ti—6Al—4V alloy

N. YUMAK', K. ASLANTAS', Y. PEKBEY"

1. Department of Mechanical Engineering, University of Afyon Kocatepe, Afyon-03000, Turkey;
2. Department of Mechanical Engineering, University of Ege, izmir-35030, Turkey

Received 8 March 2016; accepted 24 August 2016

Abstract: The objective of this study is to examine the effects of cryogenic and aging treatments on the impact strength and
mechanical properties of Ti—6Al-4V alloy. To accomplish that objective, cryogenic treatment (CT), aging treatment (AT) and
cryogenic treatment followed by aging treatment (CAT) were conducted on Ti—6Al-4V alloy. Impact tests were performed on
heat-treated and untreated samples using different impactor nose geometries (hemispherical, 60° and 90° conical) to determine the
effect of impactor nose geometry on the damage characteristic. The findings showed that energy absorption increased and areas of
damage decreased as a result of heat treatment in all treated samples. The highest energy absorption was observed in the CAT
samples, due to the increase in energy absorption, the smallest damaged area occurred in the CAT sample, and the largest
deformation was seen in the untreated samples. Additionally, it was seen that the damaged area and deflection were strongly
dependent on impactor nose geometry. The maximum deflection and narrowest deformation area were seen with 60° conical nose
geometry. The deformation area increased with increasing impactor nose angle.
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1 Introduction

Ti—6Al1—4V is a titanium alloy that is widely used in
the biomedical, aerospace, automotive, space, and other
major industries due to its low density, high strength
and excellent corrosion resistance specifications. The
development of mechanical properties and determination
of the deformation behaviour of Ti—6Al—4V alloy under
various loads are of importance when the specific
applications of the alloy are considered. Due to the
sensitivity of the heat treatment of Ti—6Al—4V alloy, it
was determined that its mechanical properties could be
developed [1-4]. The effects of changes in the
microstructure of Ti—6Al-4V alloy on its mechanical
properties as a result of different heat treatment
procedures have been investigated by many authors in
the literature. In particular, § phase transforms, a and f
phase morphology, o plate thickness, and the spacing
between the plates are the most studied topics [5—7].

One of these treatments is cryogenic treatment,
which is frequently implemented to develop the
mechanical properties of the alloy. Cryogenic treatment
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is a low-cost treatment applied once with homogeneous
effects on materials that are widely used in the aerospace
and automotive industries to increase wear resistance and
ensure dimensional stability [8]. In previous studies, it
was observed that the tensile and yield strengths of the
material decreased slightly, but elongation and reduction
of the area and hardness increased by 10.5%, 13.5%, and
2.5%, respectively. Cryogenic treatment tends to change
the phase, which prevents the movement of dislocations
and therefore decreases plastic deformation [1,2].
Another study about the effect of cryogenic treatment on
the wear resistance of Ti—6Al—4V alloy showed that the
hardness and wear resistance of the alloy increased due
to the reduction of § phase [9]. Although the effects of
cryogenic treatment on the mechanical properties are
known, its effects on impact resistance and damage
behaviour have not been completely explained. This
study scrutinized the effects of cryogenic treatment on
the impact resistance, deformation behaviour, and
mechanical properties of the alloy. Along with the
cryogenic treatment, the second heat treatment frequently
applied to the alloy is aging treatment. VENKATESH
et al [3] applied aging treatment to Ti—6A1—4V alloy
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using different cooling procedures. It was observed that a
hard layer was formed on the material as a result of the
heat treatments with the aging treatment and this layer
affected the mechanical properties of the material.
SINGH et al [4] solution-treated the alloy under and over
the f transition temperature and then applied aging
treatment. Aging-treated samples were ballistic tested
with a 7.62 mm-calibre bullet. The ballistic test results
showed that the energy absorption of the samples
increased, while the amount of back plate deflection and
crack formations decreased.

During the impact and ballistic tests, it was
observed that the impact nose geometry and impact
energy level were the most significant factors affecting
the impact resistance of the material [10—14]. Impactor
nose geometries were evaluated in three main groups in
the literature based on the deformation characteristics
that they caused in the material. These are hemispherical,
blunt, and changing nose-angle conical
geometries [11—16]. Each geometry has different impact
characteristics and causes failure of the material. Blunt
impactor nose geometries cause failure modes by
plugging. Hemispherical and conical geometries
penetrate the samples by increasing the compressive
stress due to the nose angle and pushing the material
from the top face to the back face [10,11]. Blunt
impactor nose geometry causes a wider deformation area
compared with the hemispherical and conical
geometries [8]. However, as the impact energy increases,
the blunt impactor geometry smaller
deformation area compared with the hemispherical and
conical impactor geometries [15,16]. Thus, as the energy
levels increase, the deformation characteristics differ as
well [16]. Therefore, it would be beneficial to
scrutinizing the impactor geometry and impact energy
levels together when researching the impact
characteristics. In the present work, the effects of the
energy level and impactor nose geometries on the impact
behaviour of Ti—-6Al-4V alloy were examined together.

In the light of those studies, it could be stated that
cryogenic and aging treatments increased the mechanical
properties of the Ti—6Al-4V alloy. Therefore, it would
be correct to assume that these heat treatments could
increase the impact resistance of the alloy. Thus,
cryogenic treatment, aging treatment, and cryogenic
treatment followed by aging treatment were applied to
the alloy in this work. Following the heat treatment, in
order to investigate extensively the low-energy impact
behaviour of the Ti—6Al-4V alloy, low energy impact
tests were conducted on samples.

causes a

2 Experimental

The experimental works were completed in four

steps: 1) heat treatment procedures of Ti—6A1-4V alloy;
2) mechanical testing; 3) low energy impact tests;
and 4) investigation of damaged zone and observation of
damage modes. The chemical composition of
Ti—6Al-4V alloy is shown in Table 1.

Table 1 Chemical composition of Ti—6Al—4V alloy (mass

fraction)
Al A% C Fe o Ti
6.75 3.55 0.08 0.03 0.2 Bal.

2.1 Heat treatment procedures

In this work, cryogenic treatment, aging treatment,
and cryogenic treatment followed by aging treatment
were conducted on annealed Ti—6A1—4V alloy containing
a lamellar a-phase with larger f-grains. Ti—6Al—4V alloy
is a two-phase titanium alloy, with aluminium as «
stabilizer and vanadium as S stabilizer. In order to
investigate the low-energy impact behaviour of
Ti—6A1-4V alloy, four different sample groups were
tested; the details of the sample groups and codes are
shown in Table 2.

Table 2 Details of codes of heat-treated samples

Before Cryogenic  After cryogenic
Sample
treatment  treatment treatment
UT (As-received) Annealed - -
AT (Agi
(Aging - 550 °C (3 h)
treatment)
CT(C i
(Cryogenic 140 °C (6 h) -
treatment)
CAT (C ict+
(Cryogenic 140°C (6h) 550°C (3 h

aging treatment)

Ti—6Al-4V alloy plates were cut to dimensions of
100 mm x 100 mm % 2 mm according to the dimensions
of the pneumatic clamping device of the low-energy
impact test machine. After the plates were cut, cryogenic
treatment was applied to the samples at —140 °C for 6 h
under a protective nitrogen atmosphere using a vacuum
oven. The cryogenic treatment temperature and soaking
time were determined according to the results of studies
performed previously in Refs. [1,2,9]. The cryogenic
treatment tank is shown in Fig. 1(a) and illustrated
schematically in Fig. 1(b).

The cryogenic treatment system consists of a
cryogenic treating tank, nitrogen tank, liquid nitrogen
inlet system, fan, control panel, and an outer cladding
structure providing insulation. Liquid nitrogen is pumped
into the cryogenic tank, where evaporated nitrogen is
spread uniformly within the entire tank with the help of
the fans. The atmosphere is time and temperature
controlled in the system: the sample is cooled to
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Fig. 1 Procedure of cryogenic treatment: (a) Photograph;
(b) Symbolic representation

cryogenic treatment temperature and then warmed to
room temperature again, and the cycle was completed
when room temperature was reached. Nitrogen was
evaporated by increasing the temperature removed via
the exhaust. To prevent heat loss and obtain
homogeneous material property, the cryogenic tank was
covered with a second insulating layer. After completion
of soaking at —140 °C, the materials were warmed up to
room temperature of 20 °C. To avoid thermal shock, the
materials were cooled at a rate of 1 °C/min. The
temperature of aging treatment of Ti—6Al-4V alloys
ranged from 450 to 650 °C; in this study, the aging
treatment was conducted at 550 °C. AT was performed
using a heat-controlled resistance furnace. The samples
were subjected to aging treatments at a temperature of
550 °C for 3 h in the argon atmosphere at a flow rate of
6.3 L/min. For the CAT samples, cryogenic treatment at
—140 °C for 6 h was followed by aging treatment at
550 °C for 3 h in the argon atmosphere at the same flow
rate as AT samples. The heat treatment cycle of the CAT
samples is given in Fig. 2.

Microstructure analysis was carried out for all
samples by using optical microscopy. To prepare samples
for optical microscopy analysis, they were ground,
polished, and finally etched with Kroll solution
(consisting of 5% HF, 10% HNO;, and 85% distilled
H,0, volume fraction) for 40 s.
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Fig. 2 Heat treatment cycle of CAT samples

2.2 Mechanical testing

The samples treated by different treatment
procedures and the untreated ones were tested to analyze
their tensile and hardness properties. A Shimadzu
universal tensile testing machine was used to test the
tensile properties of the samples according to ASTM
E8-04. Tensile test specimens were prepared according to
the American Standard of ASTM E8-04, as shown in
Fig. 3. The elongations of samples were determined by
considering the difference between fracture length and
the initial length of specimens. All tests were conducted
at a velocity of 2 mm/min and room temperature,
repeated five times and then averaged to give the final
value.

200
50 93 50

12.51 I i

57

I

T

Fig. 3 Dimensions of tensile test samples (unit: mm)

After the tensile tests, the fracture surfaces of test
specimens were examined using a model LEO 1430 VP
scanning electron microscope (SEM). Hardness tests
were carried out using a digital Vickers hardness test
machine under a load of 100 N and the tests were
repeated five times.

2.3 Low-energy impact tests

Low-energy impact tests were carried out on
untreated and heat-treated samples with dimensions of
100 mm x 100 mm x 2 mm and three different impactor
nose geometries in order to find the effect of heat
treatment on the impact behaviour of Ti—6Al-4V alloy.
An Instron Dynatup 9250 HV low-energy impact test
machine was used to perform tests. The main parts of the
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system are the drop tower consisting of the impactor,
22 kN load-cell, velocity indicator/time sensor, and data
collection system for obtaining force—time curves. The
other impact test results of velocity and deflection were
gathered from force/time data according to Newton’s
second law. The drop height and impactor mass were
varied to obtain different impact energies. The total mass
of the load cell and impactor was approximately 5 kg.
Other parts of the test system, i.e., the control box,
rebound break, emergency stop, impactor, environmental
chamber, and control unit, have a temperature range of
—51 to +177 °C and are shown in Fig. 4(a).

The samples were put into the environmental
chamber and fixed with a pneumatic clamping device
and the tests were conducted at room temperature. The
inner diameter of the clamping apparatus was 80 mm.
Low-energy impact tests were performed at the energy
levels of 40, 60 and 80 J determined by tests done before.
In order to investigate the effects of the impactor nose
geometry on the damage characteristic of the alloy, three
different nose geometries were designed. The impactor
nose geometries are shown in Figs. 4(b) and (c). The
impactors were made of DIN 1.2550 cold work tool steel.
The hemispherical impactor nose geometry was coded as
D12.7, the 60° conical geometry as A60, and the 90°
conical geometry as A90. Each test was repeated twice
and a total of 72 impact tests were carried out. After the
tests, damaged areas on the front and back faces of the

Dropping
tool mass _Cl()mtol (©)
= d12.7 mm d12.7 mm d12.7 mm
Impactor __|
Rebound jmergency
break stop
Sample
Environmental . SN
control 60°7 90° ,—,
chamber ‘ '
DI12.7 A60 A90

samples were photographed to calculate the total
damaged area of samples. The damage areas were found
by calculating the area of a circle considering the longest
crack length as the diameter. After the impact test, the
fracture surfaces were detected by SEM to analyze the
failure mode formation.

3 Results and discussion

3.1 Microstructure

The microstructure of Ti—6A1—4V alloy consists of
o and f phases; a phase is a hexagonal close-packed
(HCP) structure and S phase is a body-centred cubic
(BCC) structure. In the micrographs of untreated (UT)
samples, white regions represent o phase and black
regions represent S phase, as shown in Fig. 5. Al and V
elements are the main elements that stabilize the o+f
phase; the other elements in the compound are O, N, C
and Fe and they play an important role in the metallurgic
stability of this alloy. Because of the complexity of the
microstructure, the application of different heat
treatments causes the formation of different
microstructures and mechanical properties [1,2,9,18].

The f phase transformations, a and S phase
morphologies, a plate thickness, and spacing between the
plates after the heat treatment process are the most
commonly studied topics. The factors of spacing and
thickness of the layers of the lamellar o phase have been

(b)

Fig. 4 Low-energy impact test procedure: (a) Instron Dynatup 9250 HV low-energy impact test machine; (b) Impactors; (c) Impactor

nose angles used in tests
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Fig. 5 OM (a;—d,) and SEM (a,—d,) images of heat-treated and untreated samples: (a,, a;) UT; (by, by) CT; (cy, ¢cp) AT; (d;, d;) CAT

shown to be directly related to the fracture toughness.
Thick o lamellar layer and spacing between layers slow
the formation of plastic deformation and prevent
damage [5,6].

After the heat treatments, the most significant
change observed in the microstructure of the alloy is the
change in the f phase distribution rate. In Fig. 5, it is
seen that after cryogenic treatment, the decrease of the
phase and o phase becomes more prominent. It is known
that the cooling procedure of cryogenic treatment
transforms f phase to meta-stable f§ phase. The result of
this transformation is a decrease in the f phase rate and
an increase in the mechanical properties, especially
plasticity [2]. But here this transformation is insufficient
to increase the strength and plasticity of the alloy.

The titanium alloy is an allotropic material, and
upon the increase in temperature, the material
microstructure transforms from HCP crystal (a phase) to
BCC crystal (f phase). Aging treatment and cryogenic
treatment followed by aging treatment increase the f
phase considerably and the S phase becomes more
common in AT and CAT samples. Besides, during the
cooling procedure of aging treatment, martensitic
transformation in the microstructure of the material may
occur. Martensitic transformation is seen due to the high
cooling rate from at+f or f phase regions, and
supersaturated and unstable a phase is formed as a result
of the non-diffusion transformation of S phase. The
transition temperature of the S phase is (890+20) °C.

Consequently, in the material microstructure, martensitic
transformation is not seen because the selected
temperature of the aging treatment is under the f
transition temperature.

3.2 Tensile test and hardness results

The tensile test and Vickers hardness test results are
shown in Figs. 6—8. The tensile strength, yield stress and
elongation of the untreated sample are 982.7 MPa,
978.3 MPa and 10.2%, respectively. It can be seen that
the tensile strength and yield stress values of the treated
samples decrease slightly after heat treatments compared
with the untreated ones.

In the cryogenic treatment procedure, two main

1000 = Tensile strength — Elongation 12
990t = Yield strength iy
980 -

£ 970+ e
= :
5, 26071 16 ‘éﬁ
2 950 g
& {14 @
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930 12
920 0
uT AT CT CAT

Fig. 6 Comparison of tensile test results of heat-treated and
untreated specimens
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factors, the cryogenic treatment temperature and the
soaking time, affect the mechanical properties, phase

transformation and formation of microstructure [9,17,18].

When cryogenic treatment is applied, with the decrease
in the cryogenic treatment temperature, due to the
reduction in the content of vanadium element, more
phase transforms to meta-stable § phase [1]. Also, the
micro-stress values exceed the micro-yield stress values
because of the low-temperature treatment applied, and
the beginning of the formation of micro-cracks in the
materials results in the reduced tensile properties of the
material. Likewise, a long soaking time also leads to the

formation of a similar microstructure. The dislocations
formed in the metal increase the hardness of the material
with increasing soaking time. But this situation is
effective in cases where the soaking time is longer than
24 h [9]. Even though the effect of increasing the soaking
time on the tensile properties is not known, considering
the effects on the microstructure of increasing the
soaking time, it can be said that the tensile strength will
decrease. Although increasing soaking time and lowering
cryogenic treatment temperature lead to the increased
treatment costs and manufacturing time, they cannot
increase the expected mechanical properties. Compared
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Fig. 8 Comparison of results of hardness tests on sample
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with previous studies, the obtained test results show that
a temperature of —140 °C and a 6 h cryogenic treatment
cycle lead to the optimum values of the mechanical
properties of the material [1,2,9].

During the cryogenic treatment, especially in alloys
with different phases such as Ti—6Al—4YV, a+f phase with
different expansion coefficients is subjected to various
stresses due to the temperature decrease [17]. These
stresses create the force required to move the
dislocations and facilitate the movement of dislocations
such as vacancies and interstitial atoms. The dislocations
interact with each other, causing micro-deformations to
occur, and during the tensile tests these deformations
start the formation of cracks and damage, reducing the
tensile strength of the material [1]. However, this
reduction is quite small here: it is less than 0.32% in the
CT sample and about 2.2% in the CAT sample.
Additionally, when the cryogenic process is applied, the
elongation of the Ti—6Al-4V alloy decreases by a small
amount (1%). However, this reduction does not affect the
impact resistance of the material at a level that reduces
the toughness of the material. In a previous study, the
applied cryogenic treatment increased the plasticity and
this increase was explained by the reduced £ phase in the
material microstructure and decrease in the amount of
dislocations, resulting in the increase in the elongation
and plasticity of the Ti—6Al-4V alloy [1]. But in this
study, the low cryogenic treatment temperature and short
soaking time decrease the f§ phase transformation.

As aresult of aging treatment, the tensile strength of
the material was decreased by approximately 2%. When
the microstructure of the materials was analyzed, the
content of § phase increased due to the aging treatment
while the plasticity and tensile strength of the alloys
decreased. The content of f phase decreased after
treatment in the CT and CAT samples, and the tensile
strength and elongation decreased in both types of
samples.

In order to investigate the effect of different types of
heat treatments on the tensile properties, the fracture
surfaces of the tested samples were examined by SEM.
The fracture surface morphologies of the samples are
given in Fig. 7. The microstructure of annealed
Ti—6A1—4V alloy consists of equiaxed dimpled structures
dispersed throughout the fracture surface with other
secondary particles. With the implementation of the
cryogenic process, the dimple structure was made
smaller and took a denser form. This form of cryogenic
treatment induced a decrease in the plasticity of the
material. Moreover, on the fracture surface of the
aging-treated samples, the dimpled structure became
narrow and the borders were more prominent. The aging
and cryogenic treatments affect the dimpled structure of
the CAT samples and the dimples expand with heat
treatment.

In previous studies focused on heat treatment, aging
treatment at 550 ©°C decreased the hardness of
Ti—6Al—4V alloy [1,2]. Aging treatment increased the S
phase in the material and this caused a decrease in the
material’s hardness [2]. Five Vickers hardness values
obtained for different measurements are given in Fig. 8
for all samples. The result of the present study was that
aging treatment decreased the hardness by about 2%. The
hardness values of the CAT samples and the untreated
samples were evaluated as being approximately the same
value, and according to this indication, it could be said
that the cryogenic treatment followed by aging treatment
had no influence on the hardness of the alloy. After the
cryogenic treatment, the material’s hardness increased by
about 2.2%. The reason for this increase in hardness was
a change in the dislocation density in the microstructure.
The incidence of stress simplified the dislocation
movement and this caused a growth in the dislocation
density and hardness of the material [1,9].

3.3 Low-energy impact test results

During the impact tests, as a result of the impactor
hitting the samples, a compressive stress wave is formed.
This stress wave advances through the thickness of
samples based on the acoustic impedances of the
constituent material in the plate and is partially reflected
and partially conducted to the contact surfaces of the
material. The intensity and signs (tensile and
compression) of these conducted and reflected waves are
the most important parameters that affect the impact
performances of the samples and the formation of
post-impact damage in them. In the present study, the
effects of the heat treatment procedure on the impact
damage mechanisms and impact resistance of
Ti—6Al-4V alloy were examined and the efficiencies of
the treated samples under impact loading were analyzed.

Before the low-energy impact tests, pre-experiments
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were applied to samples to determine the energy level to
be used. The results showed that samples were
penetrated at 80 J with the 60° conical impactor nose
geometry. Therefore, the samples were tested using three
different impact energy levels of 80, 60 and 40 J. Energy,
time, deflection and force data were obtained from
impact tests to investigate the damage characteristic of
the alloy and the effect of loading magnitude and
impactor types. Energy—time and force—deflection curves
were used to investigate the impact and damage
formation history of different heat-treated samples. The
impact characteristics of materials can be interpreted by
looking at the force—deflection diagrams. The forms of
the force—deflection curves are categorized into open and
closed forms. Closed form curves are seen as a rebound
case; the rebound decreases with increasing impact
energy level, and if the energy level continues to increase,
the curve changes from a closed rebound curve to an
open penetrated or perforated curve.

The force—deflection curves were the closed form,
as shown in Figs. 9(a) and 10(a). The force is a
compressive load during the impact test and the
deflection is a result of displacement of the samples in
the arecas where the impact was applied. In these
force—deflection curves, the closed area is equal to the
energy absorbed by the samples during the impact tests.
The force—deflection curves consist of three different
characteristic regions. In the first region, the force
increases up to the peak point of the maximum force Fi.y;
this region is called the bending stiffness and affects the
impact resistance of the samples. The second region is an
area of irregularities that occur because of the formation
of cracks and failure modes in the samples. The last
region is the rebound section; when this occurs, the
force—deflection diagram forms a closed shape. The
force—deflection curves of the four samples are given in
Fig. 9(a). When the force—deflection curves of four
samples were examined according to this knowledge, it
was seen that the force—deflection curves of all samples
had approximately the same characteristic. The curves
increased to the peak load Fi,., a plateau occurred
around F,,, and then the curves decreased because of
rebounding. But the bending stiffness of CAT sample
was greater than those of the other samples and the
biggest force Fi.x was seen for CAT sample. If we
consider Fy,,, as resistance to penetration, it can be said
that CAT samples have greater strength than the other
samples. CAT samples have the greatest impact
resistance because of the effects of aging and cryogenic
treatments on the microstructure and tensile and hardness
properties.

In the energy—time diagrams, two main parameters,
the absorbed energy E, and the rebound energy E,, are
used to assess the results of the low-energy impact tests.

16
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Fig. 9 Low-energy impact test diagrams for hemispherical
impactor at impact energy of 80 J: (a) Force—deflection;
(b) Energy—time

The absorbed energy is transferred to the samples from
the impactor during the tests and the rebound energy is
retained in the impactor after the tests. In Fig. 9(b), the
energy—time curve reaches a peak point and then the
energy starts to decrease until it reaches a constant value.
The difference between the peak point and the constant
energy level is named the rebound energy. The constant
energy level is the energy absorbed by the samples. In
this study, cryogenic treatment results in an increase in
the impact resistance. However, the transformation of f
phase to meta-stable f phase causes a decrease in the f
phase, which results in an increase in the hardness and
the brittleness of the alloy. The increased hardness of the
alloy leads to an increase in the impact resistance.
Additionally, the rebound energy determined for CT
samples is higher than those of other samples. Due to
their high hardness, the CT and UT samples absorbed
less energy than the CAT and AT samples. After the
aging treatment, the hardness decreased and the
proportion of the S phase increased. Therefore, the
energy absorption capability and toughness of the alloy
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increased. But cryogenic treatment followed by aging
treatment increased the hardness by a small amount due
to the increased proportion of § phase, which led to an
increase in the impact strength of the alloy. Because of
their high toughness, the biggest energy absorption was
seen in the CAT samples: 75% of 80 J was absorbed by
the CT and UT samples, 76% by the AT samples, and
81% by the CAT samples.

During the impact tests, it was observed that the
impact nose geometry and impact energy level obviously
affected the impact damage behaviour and impact
resistance of the material [10,11]. The blunt impactor
nose geometries caused failure modes by plugging and
the hemispherical and conical geometries penetrated the
samples by increasing the compressive stress due to the
nose angle and by pushing the material from the top face
to the back face [10,11]. In this study, the effects of
impactor nose geometry on the damage modes, damage
area and absorbed energy were investigated. The
force—deflection and energy—time curves obtained for
untreated sample at impact energy of 80 J are shown in
Fig. 10. In Fig. 10, all force—deflection curves change
as the impactor nose angle changes and all of the curves
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Fig. 10 Effect of impactor nose geometry on impact strength of
untreated sample at impact energy of 80 J: (a) Force—deflection;
(b) Energy—time

have different impact loading characteristics. The conical
geometries increase the compressive stress with
decreasing impactor nose angle. For the hemispherical
impactor geometry, on the force—displacement graph, the
force shows a steady increase until it reaches the Fi
value, but for conical geometries, the curve shows
irregularities before the force reaches the peak force Fi,
because of the occurrence of fractures and cracks in the
material’s surface. The irregularities of the curves
increase as the impactor nose angle decreases, and these
irregularities start at the first moment of impactor
displacement in the application of the conical impactor
nose geometry impact test. As can be seen in Fig. 10, it is
also concluded that Fp, decreases with decreasing
impactor nose angle and the curves expand with the
increase of conical geometry. As a result, the rebound
energy also decreases. Fp.reaches the greatest value for
the hemispherical geometry because it is not exposed to
penetration. If we recognize F,,x as resistance to
penetration, it can be said that the impact resistance
decreases with decreasing impactor nose angle. The
decrease of the impactor nose angle reduces the rebound
but increases the maximum impact energy and maximum
displacement. The energy absorption of different
impactor nose geometries is seen in Fig. 10(b). The
lowest energy absorption is seen with the hemispherical
impactor and the energy absorption increases as the
impactor nose angle decreases. It was found that 78% of
the impact energy of 80 J was absorbed by D12.7, 91%
by A90, and 92% by A60.

3.4 Post-impact damaged zone and observation of

damage modes

The impact test results showed that as the impactor
advanced through the plate thickness, deformation
occurred towards the sides, shear stress occurred in the
thickness within the plane, and normal stress occurred.
These shear and normal stresses caused the formation of
cracks, failure mode and impact damages. Crack
formation in samples usually occurred around the impact
area or immediately below it and moved towards the far
side of the impact centre. The damage occurred in a
wider area on the top surface of the plate, while the
damage on the bottom surface was smaller. The damaged
area was used to analyze the impact characteristics and to
compare the results. The damaged areas in the samples
after each impact test are presented in Fig. 11. It could be
seen from Fig. 11 that the damaged area increased with
increase in the applied energy level. Even though full
penetration was not seen in any groups of samples, the
existence of damage was observed on both faces. The
damaged areas obtained with the D12.7 impactor were
compared among all sample groups at all impact energy
levels. With cryogenic treatment, the area of damage
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decreased by about 22%, and with aging treatment, the
area of damage decreased by about 26%. The smallest
deformation area was seen in the CAT sample; after
treatment, the damaged area decreased by about 30%.
When the damaged areas were examined, it was seen that
applying the heat treatment decreased the tensile stress
by 1%—2% and reduced the damaged area by 22%—30%.
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Fig. 11 Comparison of damaged areas applied with

hemispherical geometry for different sample groups

The effect of the heat treatment procedure on
damaged modes was investigated with the A90 impactor
nose geometry and the comparison of the damaged areas
of different samples is shown in the SEM images in
Fig. 12. In the SEM image, the damaged areas of UT
samples could be seen to be completely different
from those of the other types of samples. The area of

compressive damage of UT samples was limited and the
branched surface was separated from the sample.
Damaged areas of CT and CAT samples had similar
characteristics and damage formation. In both samples,
there was intense shear localization in the area of
compressive damage and the crack formed by the impact
branched. But in CAT samples, the area of compressive
damage was larger than in CT samples and crack
propagation spread over a large area. In AT samples, the
crack formation was quite different from that in
cryogenically treated samples. The damaged area in the
AT samples was limited to a smaller area and small
branched cracks were not seen due to the high toughness
characteristic.

The impact damaged area of UT samples for
different nose geometries was determined, as shown in
Fig. 13. Even though penetration was not seen with the
hemispherical geometry, a crack occurred and the surface
crack widened with spherical geometry, with the
deformation area spreading over a wide area. With the
A90 and A60 conical impactor geometries, the
deformation area narrowed because the force cannot
spread over the target material. Consequently, the
damage characteristics changed completely with changes
in the impactor nose geometry. When the effect of
impactor nose geometry on the damaged area was
investigated, it was seen that the area of damage caused
by the D12.7 impactor was nine times larger than that
caused by the A60 impactor. The difference between the
damaged areas at the top and bottom with the conical
geometries was great at a low impact energy level but

Fig. 12 SEM images of damaged areas of samples impacted by A90 impactor at impact energy of 80 J: (a) UT; (b) AT; (c) CT;

(d) CAT
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Fig. 13 Effect of impactor nose geometry on damage area of
UT samples

decreased with increasing impact energy. When the
damaged areas were evaluated at the macro level, the
impact angle and impact energy were found to directly
affect the occurrence of cracks, crack propagation, and
the damaged areas on the top and bottom surfaces. The
hemispherical impactor nose geometry caused large
cracks on the top surface and a small deflection on the
bottom surface, but the A90 and A60 nose geometries
caused small damaged areas and large deflection.

The comparison of the effect of the impactor nose
geometry on the damage modes is illustrated in Fig. 14.
Each nose geometry caused different damage modes. In
Refs. [19,20], there was frequent mention of plugging
and petalling failure modes. Plugging-type failure
occurred when samples were tested with blunt nose

Impact direction

Fig. 14 SEM images of cross-sections of damaged areas of UT samples at impact energy of 80 J: (a) A60; (b) A90; (c) D12.7
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geometries and the impactor pushed a part of
approximately the same size as the impactor diameter,
whereas petalling occurred when greater stress was
applied than the tensile strength in the contact area [19].
Petalling failure was seen with the A60 impactor nose
geometry because of the impactor nose angle: the force
impacted a narrow area and the fracture surfaces
separated from each other and curved from the top
surface to the bottom surface. At the same impact energy,
the A90 geometry caused a small deflection and
compressive zone, but the shear localization area became
more obvious than that obtained with the A60 impactor.
The damage mode caused by the D12.7 impactor was
different from those caused by the conical geometries.
Because the D12.7 impactor caused no plugging or
petalling, only cracks occurred on the cross-section of
the damaged area, as well as intense shear localization.

4 Conclusions

The low-energy impact behaviour and damage
characteristics of Ti—6Al-4V alloy were investigated
after cryogenic treatment (CT), aging treatment (AT),
and cryogenic treatment followed by aging treatment
(CAT) procedures. Impact tests were performed on
heat-treated and untreated samples using different
impactor nose geometries. After each test, the samples’
damage modes were calculated by considering the size of
the deformation area. The test results showed that energy
absorption increased and damaged areas decreased in all
treated samples. The highest energy absorption and the
smallest damaged area occurred in the CAT samples. The
hardness of the material increased by 2.25% due to the
cryogenic treatment, whereas it decreased by 2% as a
result of the aging treatment. At the same time, the
tensile strength of all the heat-treated samples decreased
by a small amount. Also, the cryogenic and aging
treatments affected the phase distribution. Cryogenic
treatment decreased the S phase content, aging treatment
increased it. Additionally, it was seen that the damaged
area and deflection were strongly dependent on the
impactor nose geometry. The maximum deflection and
the narrowest deformation area were seen with the 60°
conical nose geometry. The size of the damaged arca
increased with the increase in the impactor nose angle.
Also, the greatest elastic deflection and rebounding were
seen with the D12.7 impactor.
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