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Abstract

An investigation of the use of inverse modeling for estimation of material 
model parameters, of a compression test of forged Ti-6Al-4V, is presented. The 
compression tests performed on cylindrical specimens indicated that initial 
material hardening was followed by specimen cracking at lower temperatures 
while at 700 C and 900 C material hardening was followed by flow softening. 
The alloy was also found to be strain rate sensitive. The ability of three 
different constitutive models to describe the inelastic thermo mechanical 
behavior of Ti-6Al-4V has been examined and none of them were found able 
to describe it satisfactorily. However, it was shown that inverse modeling is a 
viable way to determine relevant material parameters, if suitable functions are 
chosen. Changes in the microstructure as a consequence of heat treatment and 
deformation were also investigated. In general, it was found in cross sections 
parallel to the loading direction, that the deformation was non-uniform and 
concentrated in bands going diagonally from one corner to the other. The alpha 
platelets in the Widmanstätten structure were increasingly broken up going 
from the less deformed anvil contact region into the more deformed center of 
the specimen. 

1. Introduction 
Ti-6Al-4V is a commonly used alloy in aerospace applications such as turbine 
engines and airframes. In industrial applications it is often of great importance 
to know the thermo-mechanical properties of the material and to be able to 
predict and detect changes in these properties. Another need for accurate 
material property data stems from the industrial requirement to perform 
numerical analyses at different stages in the product development process. This 
could be simulation of a manufacturing process such as welding or forming, or 
it could be the function analysis of a component. In order to perform high 
quality FE-analyses, accurate model input is crucial. 
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Consequently, the development of appropriate constitutive models for Ti-6Al-
4V for various applications is a central issue. It is also essential to emphasize 
the use of proper routines for efficient application of numerical modeling of 
industrial processes.  

Traditional methods to determine necessary property data in which the 
material is characterized by several tension and/or compression tests at 
different temperatures and strain rates is time demanding and expensive and 
the results are often not in an appropriate form. An alternative route is to obtain 
material parameters trough force and displacement by inverse modeling [1]. 
Inhomogeneous stress conditions can be taken into account, which is of great 
benefit, in contrast to traditional methods where a homogenous stress 
distribution is assumed. The idea is to create different deformation mechanisms 
in one test. For the accurate modeling of processes such as forming inverse 
modeling has [2,3] been shown to generate more accurate material data 
compared to traditional experiments, and usually requires a reduced number of 
experiments [2]. 

2 Experimental procedure 
The starting material was in the form of cylindrical test specimens of Ti-6Al-
4V cut out from a forged jet engine compressor disc. Specimen dimensions 
were  4.0 x 5.5 mm or  6.0 x 8.0 mm (Test 1), the dimensions depending on 
the desired cooling rate. The microstructure was bimodal consisting of about 
34 vol% equiaxed primary alpha ( p) particles and 66 vol% of a 
Widmanstätten type structure. The chemical composition of the alloy was (in 
wt%): 6.20 Al, 4.10 V, 0.19 Fe, 0.04 Si, 0.01 Cu, 0.01 C, 0.18 O, 0.005 N, 
0.0024 H, <0.001 B, <0.001 Y, and Ti balance.  
A Gleeble 1500 thermo mechanical simulator with lengthwise strain control 
was used to perform axial compression tests. The test specimens were placed 
between two tungsten carbide anvils, coated with a film of graphite and 
tantalum to minimize friction and prevent sticking between the anvils and the 
specimen. Resistance heating of the specimen permitted high temperatures and 
rapid heating/cooling rates. The temperature was measured using a Pt/PtRh-
thermocouple welded onto the surface and at mid height of the specimens. The 
tests were performed in an evacuated chamber (0.1 torr). During the testing 
sequence, the axial and radial displacements together with axial compression 
force and temperature were measured continuously. 

Two sets of tests were performed as described in section 2.1 and 2.2. Prior to 
deformation, all specimens were heated up (10 C/s) to an equilibrium 
temperature of 950 C and kept there for 20 minutes before cooling down to the 
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desired test temperature. The main purpose of this heat treatment was both to 
relieve residual stresses [4], caused by the machining used to produce the 
specimens, and to reach an equilibrium fraction of alpha and beta phases and 
thereby avoid time-dependent phase transformation [5]. A rather rapid cooling 
rate of 25 C/s was chosen. 

2.1 Isothermal compression tests at different temperatures 

Six isothermal tests were performed, all heat-treated as previously described. A 
schematic temperature history diagram for the isothermal tests is shown in Fig. 
1. After the equilibration stage the specimens were cooled to the desired testing 
temperature, e.g. 900 C (Test 1 in Fig. 1), which was held for 10 seconds (in 
order to make a few adjustments of the control system). The specimens were 
then compressed to a final lengthwise true strain of 0.693 at a strain rate of 
0.05 s-1. Finally, the specimens were cooled down to room temperature (RT, 
25 C). The same procedure was applied to Test 2-6, but at test temperatures of 
700 C, 500 C, 300 C, 100 C and RT, respectively. 

In order to detect strain rate sensitivity, further tests were performed at higher 
strain rates (0.5 s-1 and 5 s-1) and at a testing temperature of 500 C (Tests 7 and 
8, respectively). 

2.2 Compression and continuous cooling tests 

To receive more information from one single test, compression and continuous 
cooling tests (C-C) were performed, with the same strain rate and lengthwise 
strain as in Test 1-6. Two tests were chosen with certain overlaps, Tests 9 and 
10. Testing in the lower temperature regime was not conducted due to 
problems with controlling the desired cooling rate and to fracture of specimens. 
A schematic temperature history diagram with start and stop temperatures for 
the C-C tests is shown in Fig. 2 (Test 9: 900-555 C, Test 10: 635-290 C). 

 
Figure 1. Temperature history for isothermal tests. Figure 2. Temperature history for C-C 

tests. 
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3 Experimental results 
Experimental results for the isothermal tests are shown in Fig. 3. Initial 
material hardening was observed followed by specimen cracking at the lower 
temperatures (Tests 4, 5 and 6). Tests at 700 C and 900 C indicated material 
hardening followed by flow softening while at 500 C the initial hardening was 
followed by ideal plastic behavior. 

The strain rate dependence of the alloy is shown in Fig. 4; repeated tests 
were performed to confirm reproducibility of the experiment. It can be seen 
that for small strains the stress level increased with increasing strain rate, 
though only marginally from 0.05 to 0.5 s-1. For the highest strain rate, flow 
softening took place after a fluctuating material hardening behavior.  

The C-C test results are shown in Fig. 5, which shall be applied in the 
inverse modeling in future work. The results presented in Fig. 3 to 5 include 
the elastic strain of the experimental equipment. 

 
Figure 3. True stress-strain curves for Figure 4. Influence of strain rate on stress-  
isothermal tests, Tests 1-6. strain behaviour at 500°C, Tests 3, 7 and 8. 
 

 
Figure 5. True stress-strain curves for C-C Figure 6. Temperature rise during  
tests,Tests 9 and 10.. deformation,Test 8. 
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In order to understand the overall deformation of these samples, it was helpful 
to examine etched cross sections of deformed samples using both optical 
microscope and SEM. In general, it was found that in the cross sections parallel 
to the loading direction, the deformation was non-uniform and concentrated in 
bands running diagonally from one corner to the other. In three dimensions this 
can be described as the surfaces of two cones, with their peaks in the center of 
the sample [6]. The nature of the deformation can be seen in Fig. 7. The alpha 
platelets in the Widmanstätten structure became increasingly broken up and the 
primary alpha grains increasingly scattered in going from the less deformed 
contact surface region into the more deformed center of the specimen. A 
corresponding computed stress distribution, when going from the surface of the 
sample into the center, is shown in Fig. 10. In work by others [6] it has been 
seen that voids/cracks form at the edges of compressed samples and continue to 
grow along the previously described deformation cone surfaces into the center 
of the sample. This was also seen in this work, in which the fracture pieces of 
broken samples were sheared in a diagonal mode to the loading direction. 

   
 

   
Figure 7. Microstructure of sample isothermally compressed at 700 C (Test 2). Left column 
micrographs are from the surface region close to the pressing tool, mid column is from the 
region half way to the center of the specimen, and the right column shows the microstructure in 
the center of the sample. The loading direction is horizontal in the figure. 

Metallographic examination of the tested samples revealed a pronounced  
stabilized surface region, indicating that the pressure achieved in the chamber 
was not low enough to avoid oxidation. Micro hardness testing of the cross 
sections confirmed that the samples had a thin surface layer with an increased 
hardness, compared to the hardness of the bulk material. This kind of  
stabilized structure is usually referred to as -case, a hard and brittle alpha 
phase with high concentration of oxygen. The deformed specimens were found 
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to be non-uniformly recessed at the compression surfaces. A significant 
temperature rise during the deformation, in Test 8, was also detected (see Fig. 
6). 

4 Numerical procedure 
The numerical evaluation was designed to include the inhomogeneous stress 
development in the specimen during the deformation. Moreover, the Gleeble 
tests were performed in such a way that they involved simultaneously both 
thermal effects and deformation mechanisms. By inverse modeling of the 
actual experiment, material model parameters could be determined by 
minimizing the difference between the FE-analyses (FEA) and experimental 
reference data. The general idea of inverse modeling is shown in Fig. 8. 
 

 
 
Figure 8. Schematic illustration of inverse modeling. 

4.1 The direct problem 

The direct problem consists of solving the FE-problem subjected to variations 
of material model parameters. In this work the non-linear implicit FE-code 
MSC.Marc has been used to set up an axi-symmetric model of the Gleeble 
experiments. The FE-model consists of 150 lower order quadrilateral elements 
and 176 nodes. Displacement boundary conditions are applied to the rigid 
anvils corresponding to the desired strain rate and deformation. A homogenous 
specimen temperature was applied in accordance with the experiment during 
deformation. The contact between the anvil and the specimen was modeled as a 
contact interface with a stick-slip friction model. The interface was assumed to 
be flat with a constant friction coefficient of 0.1. The mesh is shown in Fig. 9. 
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Figure 9. Axi-symmetric FE-model of ¼ of  Figure 10. Stress field of equivalent von Mises  
the test specimen for Test 3, 150 elements.     stress at t=6.28 s, estimated parameters Fig. 11b. 

Three different constitutive models have been investigated, i.e. the models 
developed by Johnson-Cook [8], Nemat-Nasser [9] and a polynomial relation 
described in Reference [2]. In this work, Test 3 was chosen as reference data to 
evaluate the ability of the material models to describe the inelastic behavior of 
the alloy. 

4.2 The inverse problem 

The ‘Optimization’ box in Fig. 8 represents the program INVSYS [10], which 
is a programming system tailor-made for analysis of inverse problems, the 
optimization algorithm used is the subspace-searching simplex method [11]. 
The design variables, xj, the material model parameters, are given appropriate 
initial values and constraints. The objective function (xj) is an expression that 
determines the discrepancy between the computed and measured response, in 
this work in a least-square sense, normalized according to Equation (1) [7].  
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where n is the number of sampled values, Fe

i and Ff
i are the compression force 

from experiment and FEA, respectively. De
i and Df

i are the radial displacement 
from experiment and FEA, respectively.   

In order to evaluate the constitutive models, an estimation of parameters for 
the experimentally determined hardening function for Test 3 was performed. A 
material parameter estimation of a reference FE solution was also carried out in 
order to evaluate the functionality of the inverse modeling programming 
system, which was found to be successful [7].  
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5 Numerical results 
Results of the evaluation of the constitutive models with estimated parameters 
are presented in Fig. 11. The optimization was performed several times using 
different initial values of the parameters. It is important to examine the 
behavior of the objective function in the feasible region in order to find the 
acceptable minima. 
 

                   
     

 
Figure 11.  Evaluation of Johnson-Cook, Nemat-Nasser and the polynomial relation material 
models, respectively. 

The evaluation shows that none of the three constitutive models describes 
the inelastic behavior of this specific alloy satisfactorily. The three constitutive 
models, with estimated parameters, generate functions fairly similar to each 
other; there are only small differences in the behavior. A mirrored plot showing 
the von Mises stress of the deformed specimen, with the estimated parameters 
of the Nemat-Nasser material model presented in Fig. 11b, is shown in Fig. 10. 
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6 Discussion and Conclusions 
The samples compressed between RT and 300 C cracked during testing and 
the cracks leading to fracture were seen to originate at the corners of the 
samples and to grow in a diagonal mode to the loading direction. This is in well 
agreement with the simulated stress field occurring in compressed samples 
during testing (see Fig. 10). It is reasonable to expect that the resistance to 
crack initiation is reduced because of the observed -case found in the surface 
regions of the tested samples.   

The strain rate sensitivity was examined by applying three different strain 
rates during isothermal deformation at 500 C, and the resulting stress-strain 
curves are shown in Fig. 4. No clear difference could be seen between the 
strain rates of 0.05 s-1 and 0.5 s-1, but at a strain rate of 5 s-1 flow softening 
seem to occur. This could be explained by heat generation during plastic 
deformation. Indication of this was found in the recorded temperature during 
the test (Fig. 6), where the temperature increased by approximately 70 C 
during the deformation process. If this temperature increase is high enough to 
cause flow softening is not yet certain, but it is possible that on a local scale 
(some distance from the thermocouple) the temperature increase could well be 
significantly higher than that recorded by the thermocouple, due to the 
variation in the degree of plastic deformation through the sample. The 
isothermal compression test conducted at 700 C with a strain rate of 0.05 s-1 
(see Fig. 3) indicated a typical softening behaviour. Thus it is reasonably to 
suppose that the test performed at 500 C, due to the higher strain rate of 5 s-1, 
could have reached the softening regime observed at 700 C because of local 
heating in the specimen during deformation. However, it should be pointed out 
that no similar evidential results of local heating during the compression of Ti-
6Al-4V have been found reported elsewhere. Thus, the possibility of an 
equipment error in the measured temperature rise cannot be ruled out. The 
slope of the 5 s-1 curve seems initially somewhat irregular and also steeper than 
for the curves at lower strain rates. This serrated form of the curve closely 
resembles serrated yielding, a phenomenon mainly known to occur in  
titanium alloys during plastic deformation at low (cryogenic) temperatures. 
However, similar compression experiments performed with other materials, 
with the same Gleeble 1500 equipment as was used in this work, produced 
similar types of serrated curves when high strain rates were applied. Thus, the 
serrated form of the curve observed here most likely stems from the equipment. 
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The three constitutive models that were studied in this work were not able to 
describe the material hardening behavior satisfactorily. A remaining challenge 
of future work is therefore to find alternative descriptions for the material 
behavior. However the estimation performed to check the functionality of the 
inverse modeling programming system described in Reference [7] shows that 
inverse modeling is a viable way to determine material model parameters. It 
shall be mentioned that different sets of parameters can describe the same 
material behavior. Thus it is important that the error between the reference data 
and the response generated by the FE-analysis is small. The existence of a 
minimum for the objective function should be analyzed, since several minima 
often exist. Another crucial issue to investigate is the stability of the achieved 
solution. For instance, a flat minimum is considered non-unique, and for this 
reason the solution may change substantially by even small changes in the data. 
Thus, it is important to exclude misleading local minima by investigation of 
different initial guesses. In future work results from the C-C tests are to be used 
as reference data in order to achieve more accurate data with a reduced number 
of experiments.  

Regarding the FE-model, the friction coefficient between the specimen and 
the anvils has not yet been investigated but is an important factor. It determines 
the shape of the billet when deformed and influences the estimated parameters, 
thus it should be investigated in future work. One possibility is to include the 
friction coefficient as a design parameter or perform parameter estimations 
with different friction coefficients. The foil and the recessed area at the 
compression surfaces of the specimen will cause difficulties in friction 
modeling. In order to take internal heat generation into account and to 
determine its effects it may also be justified to perform coupled thermo-
mechanical analyses. 
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