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Experimental study of brass properties through perforation tests us-
ing a thermal chamber for elevated temperatures
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1 INTRODUCTION Available online: February 05, 2018

Few experimental data are available in the international literature in which specimens are subjected to im-
pact loading at elevated temperatures. The main reason is due to the non-coupling of standard gas gun to a ther-
mal chamber. The usual approach is to carry out perforation tests at room temperature and to extrapolate results
using numerical simulations at high temperatures knowing the constitutive relation.

Many authors dealt with perforation analysis, from theoretical approaches such as discussed in [1-2] to more
practical considerations as reported in [3-5]. However, no direct data concerning perforation failure modes at
high temperatures were reported or published. The thermal softening of the material was usually tested using
quasi-static experiments and its extrapolation to high strain rates was often a rough simplification. The idea of
carrying out dynamic tests using thermal chamber is a solution to the problem.

In this work, a new high-performance thermal chamber is used to heat up metallic thin plate specimens and
to impose an initial temperature higher than the room temperature. The maximum temperature reached with this
original device is 260 °C. This level is efficient to explore structure behaviour where thermal softening effect is
observed. Brass alloy has been selected in this work since the strain rate sensitivity may be assumed as negligible
[6]. In this case, it is possible to consider only one dependency on the material behaviour, i.e. the temperature
sensitivity. Experimental results obtained have been compared with available literature data [7].
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2 PERFORATION TESTS

A number of dynamic perforation tests were conducted at high impact velocity in order to understand the
thermo-mechanical behaviour of metals such as brass and to evaluate its mechanical properties. These experi-
mental results are necessary to complete 1D tests (tension, compression and others) allowing to estimate the
material constants and to ensure accurate FE simulations. However, no data were available for perforation tests
carried out at elevated temperatures. Most authors assumed a thermal behaviour according to the constitutive
relations based on the function describing the temperature sensitivity obtained from compression or tensile tests
in quasi-static conditions.

Experimental and analytical investigations have been carried out to analyze in details the perforation process
[1]. A wide range of impact velocities from 40 to 120 m/s has been covered during the tests. Two projectiles
shapes have been used: a conical projectile with an angle of 72° and a blunt-shaped one, both with 11.5 mm in
diameter. The target plate is 1.0 mm thick with a size of 130 x 130 mm which is clamped along its perimeter to
provide a perfect fixation and to avoid sliding. The gas gun set-up is shown in Fig. 1 and the specimen and the
projectiles dimensions are presented in Fig. 2.
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A: pneumatic chamber

B: fast valve

C: gas gun tube with supports

D: sensor for initial impact velocity measurements
E: thermal chamber and specimen fixation device
F: sensor for residual velocity measurement

G: projectile catcher

H: PID controller

smm _projectile trajectory

Figure. 1: Gas gun set-up used for perforation tests at high impact velocities and temperatures, a/ general scheme b/
photo of the system with the thermal chamber installed
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Figure 2: Dimensions of the plate used for perforation and projectiles shapes with a constant mass

The apparatus is also equipped with a thermal chamber in which a specimen is fixed. The temperature is
changed from room temperature to a maximum temperature of 260 °C.

The air flows inside the system through to a ventilator. A sarcophagus is used around the plate specimen to
keep a uniform temperature distribution. Therefore, the two sides of the specimen are heated up in the same
time. Due to conductivity the entire specimen reaches the initial temperature imposed to the specimen and regu-
lated by the controller.

A schematic description of the oven used during perforation and the heat airflow is reported in Fig. 3. The
electronic heat controller (PID type) permits to set the required temperature and to control the temperature in-
crease. The temperature values in the thermal chamber and in the specimen are measured by two thermocouples.
The built-in thermocouple measures continuously the temperature inside the chamber. Then, a special calibration
specimen with the thermocouple is used to measure the temperature evolution in the specimen itself.

The temperature imposed by the user and regulated by the controller does not exactly match the tempera-
ture in the specimen. A difference is observed between these two measurements due to the heat loss by conduc-
tivity along the device. It is corresponding to 28-30% of the temperature assumed. This effect is reported, Fig. 4.
Therefore, a waiting time ty,jting & 20 min is necessary to obtain a uniform required temperature distribution
along the specimen. The procedure of calibration must be repeated if the material is changed or if the thickness of
the material studied is modified.

Latin American Journal of Solids and Structures, 2018, 15(10 Thematic Section), e61 3/16



Maciej Klosak et al.
Experimental study of brass properties through perforation tests using a thermal chamber for elevated temperatures

Clamps  Specimen

¥ Projectile irﬂjECtDry‘ : Projectile

Front heat chamber

B G T T T P //’//’%/ e

\ Thermocouple
Electronic

heat regulator

B N

Figure. 3: Thermal chamber for heating up the target plate specimens, a/ schematic representation of the process of air
mixing b/ general view of the thermal chamber
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Figure. 4: Calibration of the system - thermocouples records inside thermal chamber and on specimen surface for dif-
ferent imposed temperatures

The projectile is launched using a pneumatic gas gun, it accelerates in the tube to reach an initial impact ve-
locity Vj. Then, the projectile impacts the brass plate with partial or complete perforation depending on the quan-
tity of kinetic energy transferred to the tested plate. The residual velocity V; of the projectile is measured after
perforation. A pair of laser sensors are used to measure the initial impact velocity and a laser barrier is fixed be-
hind the plate to measure the residual velocities. The projectile mass is equal to 30 g. The material used for ma-
chining the projectile is a maraging steel with a heat treatment to reach a yield stress close to 2 GPa. Therefore,
the projectile has no visible permanent deformation during the process of perforation. The residual velocity of the
projectile Vg can be estimated using the following equation proposed by Ipson and Recht [2], calibrating the
shape parameter k and knowing the ballistic limit velocity Vg:

Vi = (Vo — Vg¥) & (1)

where Vj is the initial velocity. In the above equation Vj is equal to 40 m/s and « is varying from 1.85 at T=20°C to
2.29 at T=260°C. The parameters of Eq. 1 are calculated using the least squares method-based on experimental
results. The energy absorbed by the plate E4 can be calculated using the following equation:

mp

Ea= =} (Vo® — V&%) (2)

where m,, is the projectile mass.

The difference of the initial and residual kinetic energy can be calculated using the experimental data, then
based on the Recht-Ipson approximation, so the energy absorbed by the plate can be derived [2, 8].

3 ANALYSIS OF RESULTS

The failure modes observed depends on both impact velocity and initial temperature value. For a conical pro-
jectile, a failure mode by petaling occurs inducing radial necking due to a process of piercing [5, 9, 10, 11]. The
conical projectile perforates the target plate and the plastic strain is localized at the extremities of the petals. Ana-
lytical predictions discussed in [12] are fully confirmed at room temperature, whereas more discrepancy in petals
number is reported at higher temperatures.

The usual failure mode is by petaling with 3 or 4 petals. Up to 6 petals have been observed at lower impact
velocities (close to the ballistic limit) and at higher temperatures. The failure modes observed during experiments
are presented, Fig. 5.

According to the theoretical considerations of Landkof and Goldsmith in [12], the number of petals strongly
depends on the failure deformation parameter. This parameter changes with temperature, i.e. the elongation of
the material is more substantial at higher temperatures which directly leads to the number of petals increase.
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This is confirmed in this study: 5 and 6 petals have been observed for temperatures over 200 °C, whereas 3 or 4
petals have been usually observed at lower temperatures.

The nose angle of the conical projectile also has a direct influence on the failure mode [12], however this pa-
rameter is kept as constant in this study.

e
c/ i d/
Figure 5: Initial temperature effect and impact velocity during perforation. Experimental observations of petaling fail-
ure mode, a/ 3 petals at T=20°C and Vp=120.18 m/s, b/ 4 petals at T=100°C and Vg=65.27 m/s, ¢/ 5 petals at T=200°C
and Vp=54.94 m/s, d/ 6 petals at T=260°C and Vp=44.88 m/s

In general, the failure strain level which follows the process of instability is related to the hardening parame-
ter. This is why in dynamic, due to adiabatic heating, the parameter n decreases and trigger instability. However,
in this study the Johnson-Cook constitutive relation is only discussed (see chapter 4 hereafter) which imposes the
n value as constant. It could be interesting to improve a material definition by introducing the n(T) function. It
can be anticipated this would reflect more precisely the phenomenon of multi-petaling (5 or 6) at higher tempera-
tures.

Another important observation is made by a juxtaposition of initial and residual velocities of the projectile at
different rates of loading and for different temperatures. In Fig. 6, it has been shown that the residual velocity
increases with temperature. It is more evident for high impact velocities (approx. 120 m/s corresponding to the
gas gun pressure of 5.0 bars). It reflects a softening of the material with the temperature increase; in case of brass
the softening process starts above 200 °C.
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Figure 6: Initial vs residual velocity of projectiles at different rates of loading and for different temperatures; case of
conical projectile

A different failure pattern has been observed for a blunt projectile. A process of high speed cutting due to in-
tensive shearing takes place inducing a plug ejection. No perforation results are seen in Figs 7a and 7b in the form
of a typical dishing is observed. At Vg=60 m/s (Fig. 7b), a plug starts to separate. Two target plates perforation
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modes are presented in the next figures, namely Fig. 7c and Fig. 7d. A plug is either not separated completely
(metal is locally bent and torn) or it is completely ejected.

For high velocities, a high localization of the plastic strain appears in a very small shear zone, the plastic de-
formation is limited to the near vicinity of the impacted point (Fig. 8b). Similar conclusions were made in [13].
However, for impact velocities close to the ballistic limit (no complete perforation), a plastic deformation of the
whole active zone is observed (Fig. 8a). For comparative reasons, this phenomenon is shown for the conical pro-
jectile (Fig. 8c) where a more localized plastic deformation is observed.

Figure 9 reports a comparison between experimental results at room temperature and for a temperature of
260 °C. It can be noticed that increasing the initial temperature of the specimen shifts the ballistic limit (state of
no perforation) to lower values: the ballistic limit obtained is approximately 43 m/s (20 °C) and 40 m/s (260 °C)
for the conical projectile. The Recht-Ipson estimation would suggest a slightly lower ballistic limit for 260 °C, i.e.
approximately 37 m/s. For the blunt projectile, the ballistic limit is equal to 63 m/s (20 °C) and 60 m/s (260 °C),
respectively. The other measured points are also shifted when higher residual velocities VR are measured for
elevated temperatures. All experimental data are reported in Table 1.

The energy absorbed during the impact does not change considerably with the impact velocity, this is pre-
sented in Fig. 10. Experimental results stay in accordance with analytical predictions using Eq. (1) [2].

c/ d/

Figure 7: Experimentally observed failure patterns for blunt-shaped projectile a/ dishing at T=20°C and Vp=52.85m/s,
b/ plug starting to form at T=20°C and Vp=60.39m/s, ¢/ plug not-separated at T=20°C and Vop=74.18m/s, d/ plug
ejected at T=20°C and Vp=93.28m/s
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¢/
Figure 8: Overal deformation of the active zone of the target plates a/ no perforation using a blunt-shaped projectie, b/
perforation with a blunt projectile, ¢/ perforation in form of petals obtained with a conical projectile
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Figure 9: Initial impact velocity Vy vs residual velocity Vg - experimental results for T=20°C and T=260°C; a/ conical
projectile, b/ blunt-shaped projectile
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Table 1: Experimental results - initial impact velocity Vg vs residual velocity Vg

Conical projectile

Blunt-shaped projectile

T=20°C T=260°C T=20°C T=260"C
Vo (m/s) Vg (m/s) Vg(m/s) Vg(m/s) | Vg(m/s) Vg(@m/s) Vp(m/s) Vg(m/s)

43.00 0 40.00 0 60.00 0 56.00 .
44.74 14.37 44.54 23.83 74.40 29.41 65.62 2
55.93 37.45 55.37 42.68 93.28 79.36 75.30 -
65.28 48.84 66.14 51.11 112.11 102.04 95.06 -
80.02 62.11 79.87 71.43 11312 0.0
100.00 87.75 101.01 96.34 '
119.91 11022 121.07__ 113.64

Perforation process causes an instantaneous increase of the temperature localized in the perforated zone.
Plastic deformation energy dissipated during the perforation process is transformed into thermal energy and
provokes a considerable increase of the temperature along the petals. Some results using thermal imaging camera
are displayed in Fig. 11. The analysis has been made for a specimen at room temperature. The observed tempera-
ture increase is close to 33-48 °C and it confirms a transient, adiabatic nature of the process.
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Figure 10: Energy absorbed by the plate during impact test a/ T=20 °C, b/ T=260 °C; case of conical projectile
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Figure 11: Thermal heating during perforation process captured by thermal imaging camera. Initial temperature = 20
°C; impact velocities: a/ V= 89.1 m/s, b/ 90.4 m/s; maximum temperature increase recorded: 48 °C (darker parts

indicate local temperature increase); legend displayed in °C

4 PROPOSED CONSTITUTIVE RELATION

Brass is a substitutional alloy composed mainly of two main pure elements which is copper and zinc. Chang-
ing the proportions of copper and zinc vary the properties of the alloy. In this study, a common industrial alloy
has been used to carry out the tests. This material reveals no or insignificant strain rate sensitivity at room tem-
peratures. Different phenomenological constitutive relations have been considered to model the material behav-
iour [7, 14, 15].

The parameters of the Johnson-Cook model [14] has been proposed for brass to be used later in numerical
simulations of perforation tests. The thermo-viscoplastic behaviour of brass alloy is described as follows:

o= (A+Bey) (1+CE) A -1 3)

where A is the yield stress, B and n are the strain hardening coefficients, C is the strain rate sensitivity coefficient,
¢p is strain rate reference value and m is the temperature sensitivity parameter. The non-dimensional
temperature T* for the temperature in range between T, and T, is defined in the following form:
* __ T-Tg

T = Tm—-To 4)
where T, is the reference room temperature and Ty, is the melting temperature. The constants have been taken
from the international literature [7] and compared to existing data [6, 16, 17] as no data are available from own
compression/tension tests. They are presented in Table 2.

Table 2: Material parameters for Johnson-Cook model [7]

A (MPa) B (MPa) n(-) C(@) m (-)
403.5 674.6 0.7374 0 1.132

To define the failure mode, the classical Johnson-Cook failure model [18] is discussed, Eq. 5:
ef' = [dy +dy exp(—dsm)] [1 +dy In ()| 1 + 5T (5)

where d;, d,, d3, d4, d5 are material parameters, 1 is the stress triaxiality factor, & is the reference strain rate and
T* is the non-dimensional temperature defined by Eq. 4. The first square bracket in Eq. 5 is related to the stress
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triaxiality effect on the value of strain at failure E?l. The second square bracket represents the influence of strain
rate on that value, while the third bracket represents the thermal softening effect.

A more sophisticated approach to define failure, i.e. damage initiation deformation &y, has been recently de-
veloped in [19]. Two functions with four constants H, I, ] and K are determined using an optimization method.

Ilo €)) & :
He( g10(8)) €< €transition
1 & . .
] - (K € oglo(s)) €= €transition

gy () = { (6)
where &gransition= 1 1/5.

As far as failure models are concerned, both models have provided similar results in preliminary numerical
simulations in terms of failure mode form and temperature response. It must be noted, however, that they both
lack a temperature dependence and this simplification should be eliminated in the next step of analysis.

5 CONCLUDING REMARKS

The principal aim of the study was to check the effectiveness of the new experimental technique in which
perforation tests have been performed within a wide range of temperatures, starting from the ambient one and
reaching 260 °C. The points of main focus were:

« repeatability of experimental results with heated specimens (stabilization of temperature in the thermal chamber),
« failure pattern observations during perforation connected with thermal softening of brass,

[t can be concluded the thermal chamber set-up has proved its designed performances and opened new per-
spectives to carry out perforation tests in the wide range of temperatures. This innovative testing methodology
allows to verify material behaviour in conditions which could be so far only analyzed numerically or analytically.

Important results have been obtained for brass heated to elevated temperatures. The failure mode for the
conical projectile in form of petals have confirmed analytical considerations in which the petals number varied
from 3 to 6. The studies on initial impact velocity and residual impact velocities have reproduced typical behav-
iour of material. The energy absorbed during perforation is quasi-constant for the studied range of velocities (up
to 120 m/s). For the conical projectile the average value has been 31.2 ] at room temperature and it has decreased
to the average of 20.9 ] at 260 °C.

The ballistic limit is a function of the projectile shape and temperature. For the conical projectile the value
measured is equal to 43 m/s at room temperature and it has diminished to 40 m/s at 260 °C. For the blunt-shaped
projectile, the ballistic limit has evolved from 63 m/s to 60 m/s for the same temperature conditions.

Thermal imaging camera has permitted to observe local heating during perforation using the conical projec-
tile. The maximum temperature increase recorded has been 48 °C.

These results will be, in the next step, extended and completed using dynamic compression experimental
analysis at high temperatures. The proposed application of Johnson-Cook approach for the material description in
terms of resistance properties (stress-strain characteristic) as well as in failure criterion will be suitable for brass
in further numerical simulations. The 3D solid elements model shall be proposed to optimally reflect a failure
pattern in form of petaling and plugging.
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