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Abstract

This paper is concerned with the validation of the dynamic hardening behaviors of metallic
materials by comparing numerical and experimental results of the Taylor impact tests. Several
uniaxial tensile tests are performed at different strain rates and temperatures by using three kinds of
materials: 4130 steel (BCC); OFHC copper (FCC); and Ti6Al4V alloy (HCP). Uniaxial material
tests are performed at a wide range of strain rates from 10~ s to 10° s'. Moreover, tensile tests are
performed at temperature of 25 C and 200 T at strain rates of 107 s_l, 107 s_l, and 107 s_l,
respectively. A modified Johnson—Cook type thermal softening model is utilized for the accurate
application of the thermal softening effect at different strain rates. The hardening behaviors of the
three materials are characterized by comparing the seven sequentially deformed shapes of the
projectile from numerical and experimental results of Taylor impact tests.

Introduction

Hardening characteristics of metals under static loading conditions are remarkably different
from those under dynamic loading conditions. Accurate understanding of the hardening behaviors
at a wide range of strain rates is important for numerical simulations in the defense industrial
application such as explosions, ballistic impacts, and armor crashworthiness.

Dynamic hardening models have been developed by many researchers to describe stress—strain
relation at different strain rates and temperature. Some of the well-known dynamic hardening
models are the Johnson—-Cook model [1], the modified Johnson—-Cook model [2], the Khan—Huang
model [3], the modified Khan—Huang model [4], the Zerilli-Armstrong model [5], the Preston—
Tonks—Wallace (PTW) model [6]. Lim et al. [7] suggested the Lim—Huh model to accurately
describe the dynamic hardening behavior of 22 different auto-body steel sheets. Moreover, Piao et
al. [8] modified the Lim—Huh model by adding a rate dependent Johnson—Cook type thermal
softening term to identify the thermal softening behavior at ultra-high strain rates.

In this paper, the hardening behaviors of the three materials: 4130 steel (BCC); OFHC copper
(FCC); and Ti6Al4V alloy (HCP), are evaluated by comparing the seven sequentially deformed
shapes of the projectile from numerical simulation results with the experimental results of Taylor
impact tests. Several uniaxial tensile tests are performed at a wide range of strain rates from 10 s
to 10° s by using an Instron 5583, a High Speed Material Testing Machine (HSMTM), and a
Tension Split Hopkinson Pressure Bar (TSHB). The thermal softening occurs simultaneously with
strain hardening when a material undergoes plastic deformation. In order to investigate the
hardening behavior at different strain rates, tensile tests are performed at temperature of 25 C and



200 C at strain rates of 107 5!, 107" s™', and 10% ™', respectively. The experimental results from
form low to high strain rates are fitted with the modified Lim—Huh model and the hardening
behaviors at the ultra-high strain rates are optimized by using the systematic procedure which is
suggested by Piao et al. [8].

Experiments

Tensile tests at a wide range of strain rates. Static and dynamic tensile tests have been performed
with the three kinds of materials: 4130 steel (BCC); OFHC copper (FCC); and Ti6Al4V alloy (HCP).
The Instron 5583 machine is used for the quasi-static tensile tests; a HSMTM (high speed material
testing machine) is utilized to obtain hardening behaviors at intermediate strain rates [9]; and a TSHB
(tension split Hopkinson pressure bar) has been used for the tests at high strain rates [10]. The three
experimental apparatus are shown in Fig. 1. The specimen dimensions for the experiments are shown
in Fig. 2. The experimental results of the engineering stress—strain curves are shown in Fig. 3 from
strain rates of 0.001 s™' to 2000 s'. The experimental results from low to high strain rates illustrate
that the strain rate effect is indispensable for an understating of material hardening behaviors.

Tensile tests at different temperature. In order to investigate the thermal softening behavior at
different strain rates, uniaxial tensile tests are performed at temperatures of 25 C and 200 C and at

strain rates of 10 s™', 107" s7!, and 10% s, respectively. Two thermocouples are attached at the gauge
section to measure the exact temperature of the specimen. The experimental results of the engineering
stress—strain curves are shown in Fig. 4.

(@) (b) (©
Figure 1 (a) Static tensile testing machine, INSTRON 5583;
(b) High speed material testing machine, HSMTM; and
(c) Tension split Hopkinson pressure bar, SHPB.
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Figure 2 Dimension of specimens for: (a) uniaxial tensile tests; and (b) tension SHPB tests.
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Figure 4 Engineering stress—strain curves
at the temperature of: 25 °C and 200 °C; at the strain rate of: 10~
(b) 4130 steel; (b) OFHC copper; (¢) Ti6AI4V all

Figure 5 Single stage gas gun developed
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Figure 6 Undeformed and final deformed shape of
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4130 steel, OFHC copper, and Ti6Al4V alloy at different impact velocities

Taylor impact tests. The Taylor impact test is a general impact procedure

that impacts a cylindrical
projectile on a rigid anvil at a high velocity. A single stage gas gun, Fig. 5, has been utilized to
perform the Taylor impact tests at different impact velocities. The inner diameter and the length of the
gun barrel are 40 mm and 3,000 mm, respectively. Total of nine experiments are performed with three
different impact velocities for the three materials. The deformation procedures are recorded by a high
speed camera, FASTCAM SA4, with a frame rate of 180,000 fps. The Taylor impact tests are
performed with a cylindrical projectile specimen with the diameter of 10 mm and the length of 40

mm. The original specimen and the final deformed shapes are shown in Fig. 6.
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Figure 7 Experimental and fitted data for (a) 4130 steel; (b) OFHC copper (c) Ti6Al4V alloy

Temperature and rate dependent hardening model

Lim-Huh model with modified thermal softening function. Lim et al. [7] suggested the Lim—Huh
model to accurately describe the dynamic hardening behavior of 22 different auto-body steel sheets.
Moreover, Piao et al. [8] modified the Lim—Huh model by adding a rate dependent Johnson—-Cook
type thermal softening term to identify the thermal softening behavior at ultra-high strain rates as:

Ty et (1T e .
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where €,, T, T, and T, represent the reference strain rates, specimen temperature, the melting
temperature, and the room temperature, respectively. The nine coefficients are shown in Table 1.

The true stress—true strain curves are shown in Fig. 8 with the fitted result by using the modified
Lim—Huh model.

Characterization of the flow stress

The characterization process is follow by the Piao et al.[8] work. Seven sequentially deformed
shapes are considered in the inverse optimization process. The Lim—Huh type yield stress model is
chosen as:

)

where ¢ and p is the material parameter, 0, is the yield stress at the maximum strain rate from
experiment. The optimization is performed by finding ¢ and p to minimize the sequentially deformed
diameter and length from numerical and experimental results, respectively. The sequentially
deformed shapes are shown in Fig. 8 with the parameter in Table 2. The characterized hardening
curves and yield stresses are shown in Fig. 9 and Fi. 10, respectively.

Table 1 The material coefficients of the Lim—Huh with the thermal softening term
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Table 2 The variables of the Lim—Huh type yield stress model before and after optimization

Before optimization After optimization
Material
q p q p
4130 steel --- - —— —
OFHC copper -—- --- - -
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Figure 8 Sequentially deformed shape of 4130 steel, OFHC copper, and Ti6Al4V alloy after
optimization

Conclusions

In this paper, hardening behaviors at ultra-high strain rates been carried out by performing
several different experiments and inverse optimizations. The characterized stress—strain curves
from low to ultra-high strain rates can well estimate the sequentially and final deformed shape of
the projectiles from the Taylor impact tests. However, it does not illustrate that the characterized
stress—strain relations in this paper are the only one result. An appropriate hardening model, thus,
should be selected for the materials, in order to have more reliable results.

The Taylor impact test not only accompany with high strain rate and high temperature but also
large strain. As a future work, large strain behavior at ultra-high strain rates will be carried out to
estimate the fracture initiation in the Taylor impact tests.
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Figure 9 Characterized true stress—strain curves for
(@) 4130 steel; (b) OFHC copper (c) Ti6Al4V alloy
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Figure 10 Characterized yield stress for (a) 4130 steel; (b) OFHC copper (c) Ti6Al4V alloy
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