
1.0 MATERIAL MODELS FOR METALS – Input to Range Engineering Degree Course
1.1 Introduction

In ballistic event such as penetration or explosive loading of metals, the metals exhibit high levels of strain (>100%), strain rate (105s-1) and temperature (~1000K) in a relatively short timescale (100’s µs), implying that changes in the microstructure have little influence on the ballistic process. Whilst this is an assumption there have been a lot of studies that generally support the assertion.

The deformation is often combined with significant levels of fracture in the materials, which for metals is predominantly due to ductile void growth in these regimes, although brittle fracture is also possible because of the short timescales.
The challenge is to be able to predictively model these processes. Predictive is defined as being within ±5% of experimental or within experimental error, whichever is the smaller. This definition was formally agreed with MoD in the late 80s and still stands to this day.

For predictive modelling to be possible it is necessary to develop physically based material models where all the constants are either measured or derived.

The approach to the development and use of material models is to separate the deformation (i.e. constitutive) behaviour from the damage and fracture behaviour in the material algorithm. This is justified since the localisation of the neck in a ductile tensile specimen is dominated by the constitutive behaviour, with very little influence from ductile void growth. However, it is important to realise that the damage or fracture model is crucially dependent on the constitutive model [1]. Many other approaches ignore or over simplify the role of the constitutive model and so miss an important element of the physics.
1.2 Constitutive Model

For metals there are three main factors that control the deformation or flow stress behaviour of the material. These are the strain, strain rate and the temperature. Whilst there are other factors, these account for 90-95% of the dominant behaviour in isotropic metals. It is worth defining these terms properly

· Work hardening – this is also known as strain hardening or cold working and is the strengthening of a metal by plastic deformation. This strengthening occurs because of dislocation movements, interactions and dislocation generation within the crystal structure of the material.
· Thermal softening - this is the lowering of barriers to dislocation motion and interaction at high temperature up to melt where the strength is assumed zero.
· Strain rate sensitivity – the material is strain rate sensitive if the stress v strain curve is different when the loading rate changes.  Again the barrier to dislocation motion or activation is a time-dependent process where the ability to dissipate energy suffers at short timescales.
· Metals generally do not exhibit any significant dependence of the flow stress with pressure.

It is vital that these terms are determined separately within the constitutive model, since in a high strain rate test (e.g. compression Hopkinson bar) these parameters are varying both temporally and spatially during the test. 
The main test used to determine basic deformation properties is the Quasi-Static (QS) compression or tensile test. Of these the tensile test is to be preferred because the stress state throughout the test is better defined.  The metals used in military scenarios can generally support high strains and it is very important that any models are also accurate at high strain.  In a tensile test the metal will generally neck as it stretches due to the geometrical constraint and the constitutive behaviour and this needs to be understood.  In the tension test neck conditions (radius of curvature and neck diameter) can be measured accurately.  The mathematics of this stress distribution is given in a separate document.
In addition hydrocodes generally work in effective stress space which demands that the constitutive response is determined under very well controlled stress states such as uniaxial stress. The student is referred to several standard text books [e.g. Zukas, Wilkins etc] that describe this is great detail including the mathematical formulations. A key point is that most hydrocodes work under these assumptions and limits.

1.2.1 Determination of Constitutive Models for bcc metals
The method to separate out the strain, strain rate and temperature is to perform interrupted tests, such that the temperature rise during any strain increment is negligible and the strain rate is constant during the test. 
These tests could be performed in compression, but there is the disadvantage that friction between the anvil and the specimen can be significant, resulting in a triaxial stress-state for a nominally uniaxial stress test. Clearly friction is not an issue in a tension test, although it is necessary to convert the stress state in the tensile neck back to uniaxial stress. This is achieved using the standard Bridgeman correction term [2] and an additional Bessel function for the high local strains in the sharp necks. In QinetiQ these interrupted tests are usually done in tension as opposed to compression, which as far as we are aware is unique in the World. 
The test method involves performing small strain increments at a constant strain rate and temperature as illustrated in Figure 1. The specimen is loaded up to the flow point and extended such that there is a small plastic strain increment, resulting in a negligible temperature increase (i.e. < 5K). The specimen is then allowed to relax (i.e. unloaded). The specimen is then reloaded until there is a further strain increment. This process is repeated several times up to the maximum strain obtained in the test. The locus of the yield points (To) then represents an isothermal stress/strain curve under adiabatic deformation. The one exception to this is the Quasi-Static (QS) stress/strain curve, which by definition is always an isothermal stress/strain curve.
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Figure 1 - Isothermal stress/strain curve produced from Interrupted tensile tests
By this process a series of stress/strain curves over a range of strain rates and temperatures is generated. In QinetiQ the strain rate range is currently from QS up to 10s-1 and a temperature range from 77K up to about 600K. Although the strain rates are relatively low compared to those obtained in ballistic tests, they do represent four orders of magnitude change, which is sufficient to observe the trends in behaviour.  An example of this type of data is shown for zirconium in Figure 2.
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Figure 2 - Isothermal stress v strain data for the bcc metal zirconium
There are two key features from this data for body centred cubic (bcc), which it is important to capture in a constitutive model. Firstly the isothermal stress/strain curves are parallel, indicating that the strain hardening behaviour is independent of both strain rate and temperature. Secondly if one ‘switches’ condition (e.g. strain rate) during the test the material instantly transforms from one stress/strain curve to the other. This indicates that bcc based materials are path independent in that the dislocation structure does not change during the transition between stress/strain curves [3]. Instead the dislocations are generated through the yielding process and thereafter their velocities are changed.  Resistance to deformation comes from interactions between the moving dislocations and the crystal lattice.  Interestingly this type of bcc behaviour is also observed for some alloys based on fcc metals including steels, aluminium and titanium alloy.  In these cases it is because the resistance due to dislocations interacting with impurities, precipitates and second phases is higher than the resistance due to dislocation-dislocation interactions.
The most common constitutive model in use for metals is based on work by Johnson and Cook and is empirical in that it expresses the flow stress as a multiplicative function of strain, strain rate and temperature. The equation is given below. What is important to realis is that the mathematical form of this equation cannot predict the parallel isothermal stress/strain curves and so this equation is physically incorrect.
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A much more accurate constitutive model for body centred cubic (bcc) metals and alloys, is based on a global dislocation mechanics model due to Armstrong and Zerilli [4] and is therefore physically based. QinetiQ have introduced an important modification to this model, which accounts for the shear modulus variation with temperature [5]. The new algorithm is referred to as the modified A/Z model. Thus the final form of the equation is:
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Where Co to C4 and n are constants and 

 and T are respectively stress, strain, strain rate and temperature in Kelvin (K) with µ293 the shear modulus at 293K and 

 the shear modulus at the current temperature. The constants are directly measured from the interrupted tensile tests [6]. 
Determination of Constitutive Models for fcc metals
The situation for fcc materials is much more complicated since these materials are path dependent and thus the strain history effects are very important. The formal definition of path dependency is as follows.

A state variable varies with an irreversible variable (e.g. time, plastic strain) and the path depends on the value of true independent variables (e.g. strain rate, temperature) along that path.
This is explained in terms of dislocations in that the dislocations are continuously created and annihilated depending on the loading conditions and resistance to deformation comes from the changing interactions between the dislocations. Thus the isothermal stress/strain curves are not parallel as shown in Figure 3 for data for copper. 
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Figure 3 – Isothermal Stress/strain curves for copper

Furthermore any transition between curves is not instantaneous and results in a transient followed by a lagging behaviour as shown in Figure 4
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Figure 4 – Illustration of path dependency for fcc metals
Algorithms have been developed to describe this very efficiently such that iteration is not required.  Path-dependency is not found in most constitutive models but is very important for scenarios where the strain rate and temperature are changing significantly and deformations are high; typically this is in the formation of shaped charge liner jets and explosively-formed projectiles.
1.3 Fracture Model
Metals fail by a ductile fracture mechanism based on the nucleation, growth, and coalescence of voids in the deformation regimes of interest. The Goldthorpe Path Dependent Fracture (PDF) model has been developed for ductile fracture processes [7] and is based on a novel correction term for the stresses in a sharp neck in a tensile specimen, which can be applied to void growth. The model has been applied to the growth and nucleation of voids under different stress systems and has also been used to successfully analyse the classic Bridgman data for steels [7]. The model accumulates damage according to the following relationship:-
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Where
 
(n  = Stress triaxiality (Pressure/Flow Stress or P/Y)




d( = Effective plastic strain increment




(s  = maximum principle shear strain




A  = Constant determined from torsion test




S   = Damage

The damage is then incremented by
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Fracture occurs when the damage reaches a critical value ‘Sc’, which is determined from a QS tension test. The damage comprises a tensile component due to void growth and a shear component due to adiabatic shear localisation. The shear parameter ‘A’ is determined from a torsion test, which measures the shear strain to failure. Thus the algorithm is a multi-mode failure model, where the tensile failure will dominate for pressure yield ratios (P/Y values) less than -0.3 and the shear failure will dominate for the P/Y values between -0.3 and zero.  
The error in determining these values in a given test is estimated at about ±5%. However, the variation between different rolled homogeneous armours can be quite large. The crucial point to be recognised is that although the deformation of two materials can be similar their ductility can be radically different.
It is strongly recommended that all future materials are physically tested to derive their fracture properties. This simply requires a QS tension and torsion test and thus is not an onerous process. Without this the fracture properties are extremely difficult to estimate due to the large variation within a given material specification.
1.4 Simulations
To solve ballistic problems a key tool is the use of simulations or hydrocodes to overcome the complex boundary conditions. These tend to use finite difference or finite element to solve the continuum equations within a computational mesh. There are many books that describe the basic numerical methods [e.g. Zukas] and it is beyond the scope of these notes to give a detailed description of how hydrocodes work.
However, it is instructive to give some pointers on factors affecting the quality of simulations in general. For a predictive modelling capability there are four main requirements that all need to be satisfied as outlined below.

· The numerical scheme must be accurate in terms of representing the physics. Whilst this sounds obvious it is not always true. An example is using an implicit scheme to solve a dynamic shock problem. The scheme is fundamentally not suited to this type of problem.
· Sufficient mesh resolution to resolve the operating mechanisms. This is critical to resolve the necessary physics as for example due to shock wave loading. 
· Accurate material model description – This means a model that can describe the necessary physics in the relevant regime.
· Accurate boundary conditions – In short this means making sure the simulation actually replicates the important experimental detail. This is a real skill as generally it is not prudent to simulate all the nuts and bolts in structure but real judgment is required to determine what is and what isn’t important.
It is crucial that the person running the simulation understands how the simulation package works and in particular where some of the basic assumptions break down. 

They should constantly ask the question, does the answer look right are the numbers reasonable or have they gone out of bounds. The best way is to plot the appropriate variables (e.g. stress, strain etc) as a sanity check.
If a variable looks very wrong it is usually an indication that part of the simulation has gone out of bounds or entered a non-physical regime. This is particularly true for equations of state which can easily enter highly tensile regions, where in reality the material would fracture.
1.4 Validation of Models
The obvious test of any constitutive model is to perform validation tests in the relevant regime where the model is applicable. These can range from very well controlled (e.g. uniaxial stress) tests at high strain rate to triaxial stress state ‘integral’ test where the stress state and loading rate change during the test.

These have the double purpose of enhancing the confidence of using a given constitutive model and also understanding the limits of where the constitutive model does not give good results. This is important for simulations since in general applications there are generally a number of different operating regimes and it is important for the user to be aware of the strengths and weaknesses of a constitutive model in these regimes. There can be a tendency to use the models as a ‘black box’ which can then lead to erroneous conclusions being drawn from the simulations.
The following are some typical examples of validation tests for constitutive models. It is left to the student to research the general details of the test as only a brief description is given.
1.4.1 High Rate Tensile Test

This test is performed using a tensile Hopkinson bar at strain rates of about 5000s-1. High speed photography is used to measure the reduction in area (RA) at the specimen neck as a function of the elongation strain. A comparison between simulation and experiment for iron is shown in Figure 5 for the modified Armstrong-Zerilli model and the Johnson-Cook model (using published coefficients). The level of agreement for the A-Z model between the simulations and the experiments, even for severe necks (i.e. above an RA of 60%) is very impressive and can be considered predictive [8]. An important consideration in this process is the accurate representation of the shoulder geometry of the specimen, since this constraint influences the process of necking in the specimen. The Johnson Cook model under predicts the reduction in area at the neck by about 15%, however, the temperature prediction from the two models is over 40% different. This has raised the issue of accurate temperature prediction in a hydrocode, which is crucial for advanced constitutive relations. Indeed it is now recognised that the equation of state, which describes the hydrostatic behaviour of the material such that the pressure is a function of volume and temperature, must be thermodynamically consistent. 
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Figure 5 - Comparison of modified A/Z model with High Rate Tensile Test 
1.4.2 Taylor Test

The Symmetric Taylor test comprises a cylinder of material fired at a stationary cylinder of the same material to eliminate friction behaviour. High-speed photography techniques are used to monitor the deformation/time history profile of each specimen. The simulations are generally compared with a ‘snapshot’ of the profile after impact. An example for pure iron is illustrated in Figure 6 and shows excellent agreement with experiment. The simulation results have also been shown to converge when the numerical mesh is made finer.
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Figure 6 - Comparison of Modified A/Z model with Experimental profile for Taylor Test
1.4.3 Explosively Formed Projectiles

The constitutive models have also been exercised on detailed experiments involving the explosive loading of metals. Projectile recovery experiments have been performed using iron and tantalum and compared with simulation results. For iron the material changes structure due to the initial shock loading caused by the detonation wave, before the material undergoes significant plastic deformation in forming the projectile. Therefore material in the shocked condition was formed using a plane wave shocking technique and the interrupted tensile tests performed on this shocked material to determine its constitutive relation. This had the same form as the modified Armstrong-Zerilli model. In addition the simulation included the variation of specific heat capacity with temperature. The comparison of simulation and experiment are shown in Figure 7, where the agreement over a wide range of projectile designs is within 5% [9]. 
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Figure 7 - Comparison of modified A/Z model  and Experiment for iron EFPs

The models thus developed have been used in the simulations to design iron EFPs ranging in scale from 25mm to 140mm calibre. The result is that these designs have functioned within their specification after the first experimental trial. This demonstrates a predictive capability of the hydrocodes such that they can greatly influence the design cycle.
Penetration

The models have also been used for predicting penetration and an example is given below for W ally into RHA in Figure 8.
[image: image12.emf]
Figure 8 – Predicted penetration v experiment for W alloy rod impacting RHA
1.4.4 Simulation of Spall

A robust test of a ductile fracture model is the simulation of classical plate impact spall experiments under uniaxial strain. The spall occurs due to the combination of release waves from the back of the target and flyer plate, respectively. Such experiments have been performed on the 50mm gas gun at Cambridge University on iron. The diagnostic laser interferometry system (i.e. VISAR) measures the free surface velocity of the back surface of the target plate to a resolution of 2ns. The experiment represents a severe test for a simulation. 
The simulations were performed using DYNA2D and the results using the Goldthorpe PDF model for an iron target, with flyer plate impact velocity of 285m/s, are shown in Figure 9.
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Figure 9 - Comparison of hydrocode using Goldthorpe PDF model with plate impact spall test
1.4.5 Fracture Cylinder

Whilst the plate impact spall experiments are extremely valuable, they are also limited because the stress system is precisely controlled to be uniaxial strain. However, most applications involve 3D stress fields which are continuously changing. Therefore it is vital to explore the limits of validity of models under these conditions. An attempt at achieving this is the explosive fracture cylinder, which features a cylinder of material (e.g. iron, copper etc), with an axial hole filled with explosive (Figure 10). 
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Figure 10 - Experimental Set-up for the Fracture Cylinder Test
The explosive is detonated at one end, which propagates strong shock waves into the cylinder. These reflect off the side and rear and two crossing release waves cause the formation of a conical crack at the opposite end of the cylinder. Changing the length of the cylinder can result in different crack lengths and in the extreme, cause the cone to completely separate from the cylinder. The tests are very straightforward to perform, give reproducible results and are relatively inexpensive. In addition the cylinders can be recovered and sectioned to investigate the fracture zone, microstructure etc in great detail.  The results for the Goldthorpe PDF are shown in Figure 11 compared to the experiment and demonstrate that the crack extent is in excellent agreement with the experiment. 
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Figure 11 - Comparison of Iron Fracture Cylinder using Goldthorpe PDF model with Experiment
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