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Figure 5.1: Boundary conditions 

a second step, various values of axial displacement are applied to the back surface of . 
the tube. In the third step, as earlier, all constraints are utilized with the same value 

as assigned in the previous step. 

5.1.4 Finite Element Mesh 

Finite element mesh was assigned to both: the tube and the die. In 3D case, tube 

was meshed with 3D stress structured an eight-node linear brick, reduced integration 

C3D8R elements with hourglass control. The die was meshed with a four-node 3D 

bilinear discrete rigid quadrilateral shell elements. In 2D axisymmetric model case, 

the tube was meshed with 2D axisymmetric stress a four-node bilinear axisymmetric 

quadrilateral, reduced integration CAX4R elements with hourglass control. The die 

was meshed with a two-node linear axisymmetric discrete rigid link RAX2 elements. 
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5.2 Unloading Step 

Unloading step of HGTF has been incorporated for the first time with AHM material 

model (no such attempt has been noted in the literature). Process was simulated 

with four steps, as it is in the actual experiment. 

1. Preloading step (initial sealing pressure is apllied internally to the tube to iden­

tify for gas leakage 

2. Loading or process expansion (full value of internal pressure is applied together 

with the tube ends axial displacement) 

3. Dwell or process calibration 

4. Unloading or depressurization (Internal pressure is removed as well as tube ends 

constraints to account for the tube unloading and spring back) 

Simplifications were made in this case. Simulation did not account for the cooling 

step as it is in the actual process. Process unloading was simulated at the same ele­

vated temperature as the forming (or loading) process. 

In summary, this chapter introduced the FE simulation procedure of HGTF. De­

velopment of FE models and FE formulation of model parameters were discussed. 

Two different material definitions for hyperelastic and viscoelastic-viscoplastic mate­

rials were presented. Unloading step was added to the FE model with AHM material 

model formulation and the process steps with unloading were discussed. Results of 

FE simulations of H G TF process are presented in the next chapter. 



Chapter 6 

Numerical Simulation Results and 

Comparison with Experimental 

Data 

This chapter deals primarily with FE simulations of HGTF tests. A set of FE models 

were developed based on careful consideration of numerical parameters from a sensi­

tivity analysis of the FE models. For this purpose, comparisons were made of Abaqus 

Explicit vs. Implicit material model responses, 3D vs. 2D axisymmetric model, fric­

tion coefficient value, mass scaling, tube end displacement sensitivity as well as the 

effect of mesh size and mesh density. Various HGTF test cases presented earlier were 

simulated with 3D and 2D axisymmetric Ogden and AHM material models using 

the Abaqus FE code. Thickness distribution along the length of the tube and major 

and minor strain distribution for both models were obtained from the FE simulations 

and compared to the experimental results. In the first approximation, the first set of 

simulations was run with 3D model. The tube and the die set were modeled as 3D 

deformable and discrete rigid models respectively. 3D models can capture anisotropy 
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of material if it exists. 3D models can also predict strain localization and other insta­

bilities of the material. Since in the present work, variation in strain along the hoop 

direction was not of primary concern, most of the simulations utilized only the ax­

isymmetric models to decrease simulation time and to increase efficiency of the model 

(Fig 6.1). Therefore, simplifications were made and FE model does not account for 

the anisotropy of material. A comparison of 3D and 2D axisymmetric model results , 

as well as several other comparisons utilized in this set of simulations are presented 

in section 6.1. 

(a) 2D Axisymmetric 

Model Before Defor­

mation 

(b) 2D Axisymmet­

ric Model After De­

formation 

Figure 6.1: 2D axisymmetric model before and after deformation 

Set of simulations with 2D axisymmetric model showed very similar response to the 

response of 3D simulation set. An example of model type comparison is presented 

in section 6.1.2. Comparisons of tube wall thickness distribution of 2D axisymmetric 

model are presented in the following sections 6.1.1, 6.1.3, 6.1.4, 6.1.5. These sim­

ulations predict the material flow from initial tube configuration to the final tube 

configuration as shown in Figure 6.1. 
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6.1 Parametric Studies 

Prior to experiment simulations, material model evaluation was performed. Material 

tensile data was fitted to Ogden hyperelastic model with N=3 order of strain energy 

potential. The material showed stable response for the rising part of stress-strain 

curve. Experimental stress-strain data curve with fitted Ogden material model curve 

is represented in Figure 6.2. 

G----fJ OVDfN ID UNUXJAL ~!:at l 
x~ .. , ¥ rest i'tlta UNIAXtAL mat_1 8.00 

th 6.00 

~ 

2.00 

Figure 6.2: Experimental and fitted Ogden material model curves at lOOaC 

Fitted Ogden material model curve describes very close the experimental test data 

up to the nominal strain of 0.38. 

To obtain AHM model coefficients, experimental test data was calibrated also for 

AHM material model. Due to the scope of the work to investigate the material forma­

bility at constant temperature of lOOaC, only tensile stress-strain data for a constant 

temperature lOOaC was selected. Material model curves were fitted to the tensile true 

stress-strain data with different strain rates. Description of obtained AH~v! material 



84 

model coefficients is presented in Appendix C2. Constitutive equations describing 

AHM were shown earlier in section 5.1.2. Fitted curves with the experimental test 

data are presented in Fig 6.3. 
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Figure 6.3: Experimental and fitted Ogden material model curves at lOOoC 

Material model fitted well the test data at 50 mm/min which was the actual strain 

rate of the experiment. Fitted curve is rather close to the experimental data up to a 

true strain value of 0.32, which corresponds to engineering strain value of 0.38. Model 

also has capability to predict unloading portion of the curve. Prediction of unloading 

does not follow very well the experimental curve due to the wide range of strain rates 

and insufficient amount of input data. However, that was not the main objective of 

this work and attention was mostly paid for the loading part of the curve. The results 

of unloading i.e, removal of the formed tube from the die , are presented in section 

6.5. 
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6.1.1 Effect of Choice of FE Code Abaqus Explicit and lm-

plicit on Material Response 

Evaluation of chosen material models was first performed with a simple one element 

model simulation in Abaqus Explicit and Implicit Code. For this purpose, one element 

3D model was created (Figure 6.4). 

(a) Before deformation (b) After deformation 

Figure 6.4: One element FE model before and after deformation 

One element was pulled with the same strain rate and at the same temperature as in 

the actual HGTF process. Experimentally obtained engineering stress-strain curve 

was used as an input data for the tensile test simulations. The output parameters 

were recorded after the process. Output true stress-strain curves were compared to 

the input true stress-strain data. The data curves match is almost identical , which 

demonstrates the accuracy of the model response prediction. However , all the later 

FE simulations cases was chosen to run in Abaqus/Explicit code. This code was 

the chosen, because it is able to better handle solution convergence problems that 

arise in multi body contacts, especially during forming operations involving dies . A 
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comparison of the input and output data for Ogden and AHM material models is 

shown in Figure 6.5. 
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Figure 6.5: Comparison of Explicit and Implicit codes for Ogden and AHM material 

models 
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6.1.2 Effect of Model Type on Thickness Distribution Re­

sults 

For efficiency, it is better to run a 2D axisymmetric model. However, a 2D axisym­

metric model does not account for the anisotropy of the material. A comparison of 

output results was made between 3D and 2D axisymmetric models as shown in Fig­

ure 6.6 using Ogden and AHM material models (Case 1). A comparison of thickness 

distribution showed that the difference between 3D and 2D axisymmetric model re­

sults was rather small, as it was initially expected from FE model simplifications that 

has been made, such as exclusion of material anisotropy effect. This small difference 

occured, perhaps, due to the different element formulation in these cases. Similar 

results were observed for the other cases. Therefore, to optimize the model running 

time with reasonable simplifications, all comparison cases were performed with 2D 

axisymmetric model. 
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l..'OO<X>O<k>QO<".'C'• <.·Q<•O' 

'00 120 ,., 16('. 

Distance along the length of the tube, mm 

(a) Ogden Model 

i 

-- ·---: 

Distance along the length of the tube. mm 

(b) AHM Model 

Figure 6.6: Comparison of 3D and 2D Axisymmetric Ogden and AHM material mod­

els for Case 1 
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6.1.3 Effect of Element Size and Mesh Density on Thickness 

Distribution Results 

The previous example demonstrated that it was more accurate and efficient to carry 

all of the simulations with 2D axisymmetric model. To test the accuracy of results, 

simulations were also conducted with a coarse and a fine mesh. The mesh refinement 

comparison was performed with Ogden material model. The tube was meshed with 

30 and 90 elements along the length, while 3 elements were utilized in the thickness 

direction (Figure 6. 7). 

Figure 6. 7: Mesh refinement iu longitudinal direction 

Another simulation was run for the same case with further mesh refinement in the 

thickness direction. The workpiece was meshed with 3 and 5 elements in thickness 

direction and 90 elements along the length of the tube. The FE model mesh is shown 

in Figure 6.8. 

Figure 6.8: Mesh refinement in thickness direction 

The comparison of the thickness distribution results for those three models is shown 

in Figure 6.9. With the mesh refinement, an improved thickness distribution compare 

to the experiment around the two end radii is noted. However, the thickness in the 



expanded region in the middle of the formed tube remained unchanged. 
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Figure 6.9: Results of mesh refinement in longitudinal direction (Ogden model, case 

1) 

Also, as evident from this graph, thickness distribution deviation between the models 

with 3 and 5 elements in thickness direction is negligible and simulations can be run 

faster with the same accuracy and with only 3 elements through the thickness of the 

tube. 
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6.1.4 Effect of Mass Scaling on Thickness Distribution Re­

sults 

As mentioned earlier in Chapter 2, Abaqus Explicit FE code is based on explicit 

dynamic analysis of the deformed workpiece. Mass scaling is utilized to artificially 

decrease the run time. However, a penalty is paid due to inertial effects of mass 

scaling. Specifying mass scaling factor increases material density and decreases the 

simulation time. However, there are safe limits to mass scaling, where the simulations 

results are not affected. To identify the safe limits, simulation was run with no mass 

scaling factor and mass scaling factors of 2000 and 20000. Thickness curves were 

identical in case with no mass scaling factor and mass scaling factor of 2000. That 

showed that the sets can be run without affecting the output with mass scaling factor 

of 2000 (Figure 6.10(a)). 

Another comparison was performed in Abaqus Explicit code with mass scaling of 

2000 and 20000. As shown in Figure 6.10(b), increase of the mass scaling factor up 

to 20000 gave a small discrepancy between output results, particularly in the central 

part of test piece. That suggests that further increase in mass scaling will be out of 

the safe limits and affect the output results. 

According to this comparison result, all previous simulations were run with mass 

scaling factor of 2000 which significantly decreased the run time of the simulations. 
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6.1.5 Effect of Coefficient of Friction on Thickness Distribu-

tion Results 

Effect of friction coefficient on simulation results was investigated in this section. 

Fig 6.11 shows how tube wall thickness would be distributed if the value of friction 

coefficient would be increased to 0.1 (Case 4 and 6). As shown, the areas most 

affected by increase in friction coefficient are central part of the tube as well as the 

tube ends. An increased friction coefficient results in a reduced flow of material in 
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Figure 6.11: Comparison of coefficients of friction 0.1 and 0.01 for Case 4 and Case 6 

the die cavity and consequently an increased thinning in the central region of the 

tube and an increased wall thickness non-uniformity. Although material is fed in die 

cavity with the same speed, less amount is actually distributed towards the centre of 

the tube due to the higher friction. This explain excessive thinning of the center of 

the tube and thickening of the tube ends at higher friction coefficients. 
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6.2 Evaluation of Numerical Simulations Results 

with Ogden Model 

Evaluation of numerical simulation results with Ogden model is presented in this 

chapter. FE simulation time with this material model was approximately two hours 

for each case. Six cases were simulated from the initial tube to the fully loaded tube 

stage as shown in Figure 6.1. The process parameters for the different test cases 

were shown earlier in Table 4.1 in Chapter 4. Ogden material model parameters 

were explained earlier in Section 5.1.2 and material model coefficients are presented 

in Appendix Cl. 

6.2.1 Process Parameters vs. Thickness Distribution 

As mentioned earlier in Chapter 5, all six experimental test cases were simulated 

with 2D axisymmetrical model. Simulations results, as presented in Figure 6.12, 

showed that experimental trends were captured rather well by the FE simulations. 

In particular, case 4 as well as case 3 illustrate an increase in wall thickness at the 

beginning of expanded tube wall area. This can be explained by excessive tube end 

displacement. In case 4, tube ends were fed by 29.21 mm from each side. Excessive 

tube end feed causes buckling and as a result thickening of the buckled portion of 

the tube wall. Case 5 showed thinning of expanded part of the tube wall. According 

to the experiment, this was a case of insufficient feeding, causing rapid thinning of 

the central part of the tube during the expansion process. Simulation results show 

that Ogden material model is able to capture the general deformation trends. A 

comparison of thickness distribution from Ogden material with that of AHM material 

and experiments is presented later in section 6.4. 
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Figure 6.12: Thbe wall thickness distribution results from 2D axisymmetric Ogden 

model 
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6.3 Evaluation of Numerical Simulations Results 

with Augmented Hybrid Model 

Numerical simulation results for AHM material model are shown below. Six previous 

cases were simulated from the initial tube to the fully loaded tube stage as shown in 

Figure 6.1. The process parameters for the different test cases were shown earlier in 

Table 4.1 in Chapter 4. AHM material model parameters were explained earlier 

in Section 5.1.2 and material model coefficients are shown in Appendix ??. FE 

simulation time for AHM material model, due to complexity and large number of 

coefficients, was approximately three to four hours for each case, which is longer than 

FE simulation time with Ogden material model. 

6.3.1 Process Parameters vs. Thickness Distribution 

The same combination of process parameters as the Ogden model was applied to the 

AHM material model, as shown in Table 4.1. AHM model was also able to predict the 

general trends of the material deformation. Prediction of material thickening in cases 

3 and 4, material thinning in case 5 and wrinkling thickness distribution instabilities 

in case 2 were all captured very well by AHM (Figure 6.13). A comparison of results 

from AHM and Ogden material model with experiments are presented later on in 

section 6.4. 
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Figure 6.13: Tube wall thickness distribution results from 2D axisymmetric Aug­

mented Hybrid model 
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6.3.2 Process Parameters vs. Major and Minor Strain Dis­

tribution 

This subsection presents the results of major and minor strain distribution from 3D 

FE simulations for the ARM material model. Case 1 to 6 are described briefly and 

sequentially in Figures 6.14, 6.15, 6.16, 6.17, 6.18, 6.19 respectively. Ranges of values 

of major and minor strain distribution from FE simulation model are summarized in 

Table 6.1. 

The tube piece is separated into three parts, symmetric center of the tube (AB) , 

middle part (BC) and tube ends (CD) for comparison purpose. A range of major 

and minor strains obtained at these locations for the different test cases are shown in 

Table 6.1. 

D 

(a) Major strain distribution (b) Minor strain distribution 

Figure 6.14: FE simulation. Case 1 (pressure 1.227 MPa, feed 17.78 mm) 
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Figure 6.15: FE simulation. Case 2 (pressure 1.227 MPa, feed 25.4 mm) 
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Figure 6.16: FE simulation. Case 3 (pressure 2.165 MPa, feed 19.05 mm) 
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Figure 6.17: FE simulation. Case 4 (pressure 2.165 MPa, feed 29.21 mm) 
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(b) Minor strain distribution 

Figure 6.18: FE simulation. Case 5 (pressure 2.165 MPa, feed 15.24 mm) 
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Figure 6.19: FE simulation. Case 6 (pressure 2. 165 MPa, feed 17.78 mm) 

Major Strain Minor Strain 

Case Center Middle Ends Center Middle Ends 

1 0.4 0.22-0.32 0.066 (-0.2) ( -0.18)-( -0.16) (-0.092) 

2 0.28-0.38 0.2-0.25 0.03-0.06 (-0.25)-(-0.15) (-0.18)-(-0.13) (-0.07)-(-0.04) 

3 0.4-0.5 0.25-0.35 0.03-0.07 ( -0.29)-( -0.26) ( -0.23)-( -0.21) (-0.1)-(-0.08) 

4 0.42-0.5 0.23-0.39 0.08-0.11 ( -0.29)-( -0.25) (-0.27)-(-0.2) (-0.16)-(-0.12) 

5 0.41-0.5 0.25-0.37 0.018-0.06 (-0.28)-(-0.22) ( -0.2)-(-0.13) ( -0.05)-( -0.029) 

6 0.44-0.54 0.3-0.37 0.026-0.069 (-0.29)-(-0.24) (-0.2)-(-0.14) ( -0.07)-( -0.05) 

Table 6.1: Summary of major and minor strain distribution from six test cases 
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6.4 Comparison of Ogden and AHM Results with 

Experiments 

In this section Ogden and AHM material model results are compared to experimental 

data. Comparisons are made in tube wall thickness over the entire tube profile and 

major and minor strain distribution over the expanded region of the tube. The 

experimental methodology and results were presented earlier in Chapters 3 and 4 

respectively. 

6.4.1 Thickness Distribution Comparison 

In general for case 1, the overall tube wall thickness distribution shows an obvious 

thinning in the central part and thickening of the tube ends. The deviation between 

undeformed tube wall thickness of 3.175 mm and deformed tube varies along the 

length of the tube. In the central part, where experimental results show thinning, 

deviation between experimental results and undeformed tube wall thickness is ap­

proximately 0.4 mm. Deviation at the tube ends varies from 0.35 to 0.5 mm. Tube 

wall thickness approaches the initial value of 3.175 mm in the middle part, between 

the ends and the central part of the tube. 

The shape of the formed tube was captured very closely by both, Ogden and AHM 

material models. In this case, although the shape of the tube did not show any fail­

ures, the amount of pressure applied in the tube forming process expansion was not 

enough to be able to reach the maximum tube diameter expansion. This result is 

shown in Figure 6.20. 

The model shows very well the gap between the expanded tube at a fully loaded stage 
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Figure 6.20: Case 1 (tube did not reach a full expansion) 

and the die. Tube wall thickness distribution predicted by FE models and experiment 

deviates mostly in the central part and at the ends of the tube. However, the general 

trend of thickness distribution is predicted rather well by the models and especially 

the thinning of the central part of the tube. Deviation between FE model predictions 

and experiment at the central part of the tube is approximately 0.35 mm. Deviation 

between FE model results and experiment varies between 0.03 to 0.2 mm. Modeled 

thickness results at the ends of the tube show deviation of 0.15 to 0.25 from experi­

mental measurements. Comparing between predictions of Ogden and AHM models, 

AHM model gives more accurate results in the expanded region. 

In case 2, the amount of pressure was kept the same, but tube ends displacement 

increased resulting in wrinkling in both experiment and FE models. Abnormal thick­

ness distribution in the experimental results verifies the presence of this kind of form­

ing defect. Experimental deviation between deformed and undeformed tube wall 

thickness at wrinkles is approximately 0.2 mm up to the normal undeformed value. 

The ends and the central part of the tube show thickening of approximately 0.1 to 

0.4 mm. FE models results show similar trend of thickness distribution. Deviation 

between tube wall thickness at wrinkles is quite large and is approximately 0.4 to 

0.6 mm. Deviation in thickness at the center of the tube and tube ends varies from 

0.15 to 0.35 mm. Between Ogden and AHM material model simulations difference 
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is negligible. Both of the models have about the same quality of prediction in this case. 

Case 3 deals with the effect of process parameters resulting in buckling at the die 

corner radii. In this case, sufficient amount of pressure was applied but the tube ends 

received additional excessive feed into the die cavity. Displacement was increased in 

attempt to reduce thinning of the central part of the tube. However, at the particular 

constant speed of the process, material was not able to redistribute uniformly towards 

the center of the tube which accumulated an excessive material between the ends and 

expanded part of the tube resulting in tube wall thickening at the entrance to the 

die cavity for this case. However, tube did not have any visible deformation failures. 

Deviation from the uniform initial wall thickness and the tube wall thickness at the 

ends is approximately 0.2 to 0.3 mm. Deviation reached a maximum value of 0.55 

mm at the tube ends. The central part of the tube had a lower deviation of 0.35 mm. 

In this case, as in case 1, AHM and Ogden showed similar results, however results 

of AHM material model provide a better wall thickness prediction at the expanded 

sides of the tube. Difference in wall thickness distribution between the models and 

experiments in the central part of the tube is approximately 0.3 mm. Difference in 

wall thickness at the ends of the tubes ranges between 0.1 to 0.3 mm. 

The parameters of case 4 were based on the results of case 3. Further investiga­

tion of the effect of the value of axial displacement was conducted. Tube ends were 

pushed towards the center of the tube by 29.21 mm from both sides. Unlike the 

previous case, an excessive feed cause a visible buckling of the tube. However, the 

thickness of the central part improved and deviation approached its minimum value 

of 0.175 mm. Surprisingly, the sides points that indicated excessive thickening in the 

previous case did not show the same trend. This can be explained in terms of material 

movement towards the center in the beginning of the test resulting in more uniform 

central part thickness. At the same time, the excessive material left over at the thick-
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ening points was pushed inside due to buckling which also showed as improvement 

at the tube ends. Material models prediction showed different results in this case. 

Although both models followed closely the general deformation trend, Ogden model 

showed a large deviation of approximately 0.6 mm from the experimental results in 

the central part of the tube. Prediction of AHM model is closer to the experimental 

results and difference in prediction is approximately 0.3 nun. At the tube ends, AHM 

model also showed better predictions than Ogden material model. Deviation between 

AHM model prediction and experimental curve at the tube ends is approximately 0.1 

mm. Deviation between Ogden material model and experiments in the central part 

of the tube is 0.6 mm, while tube ends thickness prediction was underestimated by 

the Ogden model by approximately 0.15 mm. 

Case 5 was conducted with a relatively small axial displacement to explore the effect 

of various process parameters and to introduce the possible excessive tube wall central 

part thinning. As it was expected, experimental deviation between the initial tube 

wall thickness and deformed tube wall thickness in the center of the tube reached its 

lowest value of 1.9 mm (Figure 6.21(e)). The ends of the tube did not experienced 

large deviation in thickness and differ from the initial thickness by 0.35 mm on each 

side. FE models were able to predict this experimental result rather closely. Although 

both material models described the thickness distribution very well, AHM material 

model was able to predict the thickness of the central part of the tube much better 

than the Ogden model. Difference between AHM prediction and experiments in the 

central part is only 0.28 mm, while Ogden model predictions deviate from the exper­

iment for approximately 0.5 mm. Prediction of thickness distribution at the ends of 

the tube from both models is very similar and it deviates from the experimental by 

approximately 0.2 mm. 



3.8 

3.6 

3.4 

E 32 

E 
ui 3 
rn 
Q) 

2.8 c 
~ 

.2 

.c 2.6 I-

2.4 

2.2 

2 

1.8 

3.8 

3.6 

3.4 

3.2 

3 

E 2.8 
E 
ui 

2.6 rn 
Q) 
c 
~ 
0 2.4 :c 
I-

2.2 

2 

1.8 

1/x; I 
X "' X 

\X X I 
'X j 

-Experiment 

+----4----~----~--~----~---+----+--4-- Ogden 
X AHM 

0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(a) Case 1 (pressure 1.227 MPa, feed 17.78 mm) 

/ ~ v-- ""'\ / ~ 
/ '\ 7 \ K~ ' 

""""" !;;<"""'"" ~ X """""""" 't'---v r~ \ ~ 
\x 

x1 
vx, 

\ 
X I 

\ >e I • XX I 
I xl 

J 

1\ X 
x;r-J 

\X 

'"X 
/_) 

-Experiment 

--Ogden 

X AHM 

0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(b) Case 2 (pressure 1.227 MPa, feed 25.4 mm) 

105 



106 

3.8 

3.6 

3.4 

3.2 

3 
E 
E 2.8 
uJ 
<J) 
(j) 2.6 c 
-"" 
_Q 

2.4 .c: 

6 

f--v \ 1/ 1'------1"---.. 
nc= ~"""' xXY.,.;(\ 2 ~Xxxx lx~= 

px 

\I\ / x, 
I 

\X""' J I 
X I 

\X - ./ x, 
\ 

I 
"x )l:;<~'Y .. x =xx 

1-

2.2 Experiment 

2 -Ogden 

X AHM 
1.8 

0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(c) Case 3 (pressure 2.165 MPa, feed 19.05 mm) 

3.8 

3.6 

3.4 

3.2 

E 3 
E 
uJ 2.8 
Ul 
(j) 
c 

i{ ->0< 
xxxxxx xxxxxx J;._l, xxx r<xxxxx f<x 

r-----' I~ 1'-r/ --- --~/ A ~ J ---
I X "--... /f 
\ X / 
I 
I X X I 
\ Xxxxx xxxxxxx x I 

-"" 2.6 u :c 
1- 2.4 

\ , 
\ -- ---- ... 

2.2 Experiment 

2 -Ogden 
X AHM 

1.8 

0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(d) Case 4 (pressure 2.165 MPa, feed 29.21 mm) 



107 

3.8 

3.6 

3.4 

3.2 

E 
E 3 

ui en 2.8 (J) 
c _, 
.Q 2.6 
.<:: 
1-

2.4 

2.2 

2 

--., L 

~= """""'"" ~-X .L= == >9<"-"' 

\': /} 
\X x, 1/ 

\ \ I 
\x xl / 

\~~ - -- >(i 
_\A 

X I 
~ 

AA"X Experiment 
--Ogden 

\.._...~ ___! 
X AHM 

1.8 
0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(e) Case 5 (pressure 2.165 MPa, feed 15.24 mm) 

3.8 

3.6 

34 

3.2 

E 3 
E 
,; 

2.8 "' (J) 
c 
-"' 

I-- "" 
""'"'"" 

"""""""'"' 
f<r"~ /x 

b1-:o:><><~ ~'<>'""""'"' P'""' 

\~ v Xj 

\ \ 
-=/ x/ [_l X = \X X I 

\ I 
0 2.6 

~ 
2.4 

"- J 

"x*""""'" >eo::~>:: 

2.2 
-Experiment 

2 -Ogden 

18 
X AHM 

0 20 40 60 80 100 120 140 160 180 200 

Distance along the length of the tube, mm 

(f) Case 6 (pressure 2.165 MPa, feed 17.78 mm) 

Figure 6.21: Tube wall thickness distribution comparison of Ogden, Augmented Hy­

brid model and experiments 



108 

Case 6, (Figure 6.21(f)), was designed to have an optimal process parameters based 

on the previous experiments. However, the speed of the process as well as tempera­

ture remained the same. The shape of the tube did not show any visible failures or 

imperfections. With the optimal process parameters, thickness distribution results 

approached the minimum possible deviation from the initial tube wall thickness for 

the same temperature and same process speed. Tube wall thickness distribution in 

the central part showed very promising results and approached very close the initial 

tube wall thickness with the difference approximately 0.3 mm. At the tube ends, 

experiment showed slight thickening with a deviation of 0.3 mm from initial thick­

ness. Similar to the case 1 and case 3, AHM model better predicted the thickness 

distribution at the expanded sides of the tube with improvement of 0.1 mm from the 

Ogden model. 

Tube wall thickness distribution comparison between experiment and FE models is 

summarized in the Table 6.2. All Thickness values are in mm. 

Experiment Ogden AHM 

Case Center Ends Center Ends Center Ends 

1 2.84 3.5 2.48 3.33 2.47 3.325 

2 3.5 3.44 3.18 3.24 3.22 3.24 

3 2.76 3.5 2.44 3.285 2.43 3.28 

4 2.99 3.4 2.43 3.27 2.67 3.5 

5 1.9 3.47 2.42 3.23 2.17 3.27 

6 2.87 3.32 2.42 4 2.44 3.32 

Table 6.2: A comparison of thickness distribution between experiment and FE models 
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6.4.2 Major and Minor Strain Distribution Comparison 

FE simulation results with 3D AHM models provide major and minor strain distribu­

tion over the tube surface and these values were compared with similar experimental 

data. Experimental measurements of major and minor strain distribution were per­

formed with Argus optical strain measurement system and compared to the major 

and minor strain distribution received via FE simulation model. Due to the nature 

of experiments, only central expanded part of the tube was able to retain the ap­

plied grid pattern (Section 4.3). Therefore, major and minor strain distribution of 

FE material models and experiments were compared only at the expanded part of 

the tube. Furthermore, the area over the samples where the results are reported is 

different from case to case due to poor image quality and disappearance of grids in 

some regions. Also, strain distribution shows inhomogeneity of various degrees in 

different cases over the strain measured tube surface. This could be explained that 

3D FE model predicts the same value of circumferential strain due to use of isotropic 

model. Effect of anisotropy is not incorporated in FE model. Also, the models do 

not account for microstructure induced inhomogeneity of the material. 

For Case 1, major strain distribution over the expanded part of the tube in ex­

periment is 0.3 - 0.4 and minor strain distribution is approximately -0.2 at most of 

the expanded area. However, it showed that a small area in the center experienced 

higher level of minor strain of 0.002. This phenomenon did not show in the simulation 

results due to the simplifications made in FE model. Uniform value of minor strain 

in simulation is approximately -0.2, which is the same as in experimental results ob­

tained my optical strain measurement technique. Major strain is very close to the 

experimental value at 0.4 as well. 

Wrinkling is observed in .case 2 in terms of oscillations in tube wall thickness along 
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the length of the tube. Experimental results at wrinkles show the major strain distri­

bution at 0.3 - 0.4. Simulation results show very similar value of approximately 0.4. 

Central unexpanded part of the tube show major strain distribution at approximately 

0.1 which is very close to that of the experiment of 0.15. Minor strain distribution at 

wrinkles in experiment -0.1, while simulation model shows a slightly larger value of 

-0.2. In the central part of the tube, experiment show minor strain of -0.05 while the 

simulations show a minor strain of -0.1. 

Major strain distribution in case 3 shows unusual pattern in a way of very inhcr 

mogeneous major strain distribution with a strain value ranging from 0.33 to 0.45. 

This phenomenon shows effect of inhomogeneous microstructure of the tested mate­

rial. Simulations indicate major strain in a range of 0.45 to 0.5 over the measured 

area. Minor strain in experiments varies from -0.2 to -0.15 and in FE simulation 

results is approximately -0.25. Overall, the models slightly overestimate major and 

minor strain values. 

Experimental major strain distribution in case 4 ranges from 0.3 to 0.35, while sim­

ulation major strain distribution measurements show a value of approximately 0.46. 

Minor strain in experimental case ranges from -0.2 to -0.1 and minor strain indicated 

by FE simulation model is approximately -0.29. In this case, as measurements show, 

both values of major and minor strain are slightly overestimated. 

In case 5, major strain distribution from experiment varies from 0.3 to 0.42 with 

the average value of 0.35 in most of the measured tube surface area. FE simulation 

model show the major strain distribution in the range 0.45- 0.5 indicative of a higher 

level of hoop loading of the tube compare to the experiment. Minor strain distribu­

tion in experiment is approximately -0.23 in most of the area. FE simulations results 

of minor strain distribution are at value of -0.22, which is in a good agreement with 
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the experimental results. 

In case 6, major strain distribution from the experiment exhibits a wide range from 

0.25 to 0.5. FE simulation model shows a value of major strain of 0.5. Thus, the 

values of major strain distribution in both cases are in the same range and show good 

agreement. Minor strain distribution in experiment varies from -0.17 to -0.09, while 

FE simulation results show a value approximately of -0.22, which indicates slight dif­

ference between measurements. 

A summary of major and minor strain distribution comparison between experiment 

and FE model is presented in Table 6.3. 
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Major Strain 

Center Middle 

Case Exp FE Sim Exp FE Sim 

1 0.27-0.33 0.22-0.32 0.32-0.4 0.066 

2 0.3-0.35 0.28-0.38 0.35-0.4 0.2-0.25 

3 0.33-0.44 0.4-0.5 0.38-0.45 0.25-0.35 

4 0.3-0.33 0.42-0.5 0.3-0.35 0.23-0.39 

5 0.35-0.42 0.41-0.5 0.3-0.38 0.25-0.37 

6 0.25-0.5 0.44-0.54 0.3-0.5 0.3-0.37 

Minor Strain 

Center Middle 

Case Exp FE Sim Exp FE Sim 

1 ( -0.2) ( -0.2) ( -0.2) (-0.18)-(-0.16) 

2 (-0.05) (-0.25)-(-0.15) (-0.15) ( -0.07)-( -0.04) 

3 (-0.13)-(-0.15) ( -0.29)-( -0.26) (-0.14)-(-0.18) ( -0.23)-( -0.21) 

4 ( -0.2)-(0.16) ( -0.29 )-( -0.25 (-0.14)-(-0.2) ( -0.27)-( -0.2) 

5 ( -0.2)-( -0.23) (-0.28)-(-0.22) ( -018)-( -0.22) ( -0.2)-( -0.13) 

6 (-0.17-(-0.09) ( -0.29)-( -0.24) (-0.17-(-0.09) (-0.2)-(-0.14) 

Table 6.3: A comparison of major and minor strain distribution between experiments 

and FE simulations via AHM material model 
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6.5 Effect of Unloading on Thickness Distribution 

Results 

Effect of unloading was studied with AHM material model. Fully loaded and unloaded 

tube is presented in Figure 6.22 for case 3. Results show that thickness distribution 

after unloading is more uniform compared to fully loaded stage. The overall deviation 

in thickness distribution after unloading between center of the tube and tube ends is 

approximately 0.6 mm. Meanwhile, this deviation approach 1.0 mm in fully loaded 

stage. This indicates that material is able to redistribute during the unloading stage. 

(a) Fully loaded (b) Unloaded 

Figure 6.22: Tube profile at a fully loaded stage and after unloading for Case 3 

Another effect is captured by the full length of the tube. In the fully loaded stage 

the tube length is 180 mm compared to the 192 mm length in experiment. Unloading 

results show the tube full length at 184 mm. 

The difference of 4 mm demonstrate the effect of unloading or springback during the 
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unloading part of the tube forming process. Nonetheless, the thickness distribution in 

unloading stage was improved, the tube was not able to retain the appropriate shape, 

which is shown by springback effect in the central part. This analysis shows that 

unloading should be modeled to accurately predict the final part length, thickness 

distribution and other geometric characteristics of the part. 



Chapter 7 

Discussion 

Process parameters play a major role in the quality of the final shape of the tube. 

Application of high internal pressure and insufficient tube ends feeding causes the 

tube wall thinning. Excessive thinning is observed in the center portion of the tube, 

while the tube ends experience slightly thickening. Thickness non-uniformity has an 

effect on product in-service performance. Simulations results of tube wall thickness 

distribution from Ogden and AHM material models respectively were presented ear­

lier in sections 6.2 and 6.3. In summary, both, Ogden and AHM material models give 

acceptable results for HGTF process. Results are close to experimental and show 

the tube shape and general trends of tube wall thickness and major and minor strain 

distribution. AHM, as well as Ogden model, were able to capture very closely tube 

wall thickening in excessive end feed case 4. Models also predicted very well tube 

thinning with insufficient end feed in case 5. Simulations results also exhibited tube 

wrinkling failure in case 2 with low pressure and excessive tube end displacement. 

Case 1 showed insufficient expansion due to low pressure. 

In a comparison of results from 3D and 2D axisymmetric models, 3D model gives 

slightly better results of tube wall thickness distribution. In FE modeling, by defini-
115 
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tion, 3D models use brick elements and 2D axisymmetric models use solid elements. 

FE models element type could be a contributing factor in the discrepancy observed. 

Although the discrepancy is rather small, more accurate results would be obtained 

with 3D model. 

Further, majority of the simulations were performed only up to the loaded stage 

of the formed component. Unloading stage was not incorporated. As a result, the 

model result does not account for the possible material springback. Nevertheless, 

it was not of high importance for the conventional plastic forming processes. High 

temperature polymer forming processes typically involve rapid cooling of the die at 

end of the forming stage to retain the part shape, without having undesirable effects, 

such as shrinking or springback. In simulating HGTF at high temperatures, both 

unloading and cooling part of the process should be incorporated. More advanced 

viscoelastic- viscoplastic models that incorporate both unloading and cooling capa­

bilities will need to be employed to fully simulate the experimental method to achieve 

better agreement with the experimental results. 

Friction coefficient is another factor that could have contributed to the discrepancies 

between the experimental and simulation results. The value of friction coefficient, 

as noted in [14] and [13] depends on tube material (metal, aluminum, plastic), die 

surface (surface finish, hardness and surface treatment, coating) and various types of 

lubricant utilized. Friction coefficient used in this work was taken from the literature 

and represent the general approximation of the real coefficient. Meanwhile, the ma­

terial parameters of the polymeric materials and output results are heavily depend 

on the process temperature. Variation of the temperature can give discrepancies ob­

served in section 6.1.5. 

Proper mesh has to be applied on the tube piece in FE simulation of tube form-
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ing process. Coarse mesh can decrease simulation time. However, it will lead to 

mesh distortion during forming step and modify significantly thickness distribution 

results. The change is more severe at the critical points of the tube where the coarse 

mesh does not allow the material to fill out the small radii of the deformed shape. 

Comparison of slightly coarse mesh and refined mesh were presented earlier in Section 

6.1.3. As shown in Figure 6.9, the results arc more accurate with the refined mesh 

and tube was able to fill out small radii of the deformed tube shape better, than with 

the slightly coarse mesh. 

Material models can be further improved to give a better explanation of material 

behavior. In case of Ogden material model, input parameters were introduced by 

experimental engineering tensile stress-strain curve. Model fit gave a very close ex­

planation of material behavior up to strain value of 0.38. Attempt to fit Ogden 

material model to higher strains, gave an instability effect due to unstable nature of 

experimental data. AHM material model also showed very close fit up to the same 

value of strain. In addition, the model incorporated viscoelastic-viscoplastic material 

description capabilities. However, for the material model calibration only experi­

mental tensile stress-strain curve was used, though for the best prediction of material 

response, compression and punch tests should have been incorporated. Additional ex­

periments could give more detailed explanation of material behavior under different 

combination of applied stresses. Temperature limits could also been narrowed down. 

Narrowing down temperature and strain rate windows would give AHM smaller form­

ing data limits window, which increase the efficiency and model calibration results. It 

leads to more accurate parameters obtained and better material response prediction. 

Material microstructure can also be incorporated in material model definition. Sim­

plifications made for material anisotropy and microstructure in the present simula­

tions accounted for discrepancy between the experimental and FE major and minor 
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strain distribution results. FE model does not show strain localizations and inhomo­

geneous strain pattern distribution captured by Argus optical system. Integration 

of microstructure properties of material in the FE simulation model can give more 

accurate results and better prediction of material behavior. 

For the experimental part, there have been several limitations. HGTF process in­

corporates a closed die during the process. Therefore, part strain measurements 

could be carried out only at the end of the process when the die is open. Inability 

to do continuous measurements and record tube wall thickness at fully loaded stage, 

gave discrepancy in results between FE models and experiments. To improve the 

process performance and to better understand the various factors affecting the final 

quality of the tube piece in a time based scale, different process improvements could 

be incorporated. This limitation could be overcome with a transparent die. The pro­

cess would be easily observed at different forming stages and an on-line optical strain 

measurement system could be incorporated for the continuous strain measurements 

during the forming process. It would give the ability to obtain strain measurement 

results through the transparent die at any forming stage and compare these experi­

mental results with the results obtained from FE model at different time steps. 

Sample preparation before the experiment play also an important role. Tube ends 

should be carefully cut and machined. Any imperfection at tube ends edges will re­

sult in a loose contact between the tube ends and side actuators plugs. In a turn, it 

will lead to gas pressure drop, which consequently contribute to inaccurate pressure 

readings and as a result to a poor final quality part. Utilization of gas intensifier in 

this case in place of a gas pressure system, would add control capabilities during the 

tube pressurization forming step. 

Use of lubricant would be another factor to consider. Use of different types of lubri-
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cant can ease material flow into the die cavity during forming. It enables material to 

flow faster towards the center once pressure is applied. Tube wall thickness distribu­

tion in this case will have more uniformity which improve the final tube quality. 

As it was discussed earlier in Chapter 3, cooling rate contributes significantly to 

the final shape and tube wall thickness distribution. IncrcaRing the cooling rate will 

help to retain the formed tube shape after unloading and cooling as close as possible 

to the fully expanded shape in a fully loaded stage without any undesirable effect 

such as shrinkage. This can be achieved by adding extra cooling channels throughout 

the die and as close as possible to the tube surface. Improved capabilities of chiller 

can also speed up the cooling process. 

Another factor is a process temperature. In FE models was assumed that process 

is conducted at a constant temperature and final tube wall thickness distribution is 

a tube thickness at a loaded stage and at elevated temperature. However, in a real 

process, the temperature is not uniform and final part pass through a cooling stage 

before measurements are made. The same applies to major and minor strain dis­

tribution. These factors can contribute to discrepancy between FE simulation and 

experimental measurements. In this case, more accurate process control would be 

recommended, as well as ability to incorporate cooling stage in FE model parameters. 

As it was presented earlier in Section 6.4.2, maJor and minor strain distribution 

were obtained in the formed part surface via FE model and validated by experiment 

via optical strain measurement system. As it was discussed, grid retention is one 

of the major problems that lead to the poor image quality. Although the tube be­

fore deformation was covered with tape to protect grid pattern, friction and other 

environmental parameters such as high temperature, made impossible to retain the 

full tube length grid pattern. It disappeared completely at the ends of the tube and 
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remained mostly in the central part of the tube, where the friction was significantly 

lower. This can be considered for the future similar experiments in terms of find­

ing a way to retain a grid pattern on the tube surface. It can be done by careful 

selection of the applied ink or material to cover the tube piece before deformation. 

Another technique or material, instead of ink, can be considered to apply for grid 

retention. Tape cover in this case is one of the factors that might affect the final 

results. However, the difference between plastic tape and tube behavior in contact 

with the die was assumed to be negligible and was simplified in FE simulation models. 

Nonetheless, Ogden and AHM models gave very good results for PP HGTF pro­

cess. Ogden model has been intensively employed for the plastic forming process 

simulation in the past. It describes very well material behavior, though it does not 

have the ability to describe unloading part of the process. Taking it into consider­

ation, more advanced AHM material model was used in attempt to incorporate the 

significant changes on tube wall thickness distribution during the unloading stage. 

AHM material model is more advanced and has capability of describing unloading 

part of material response. Although it showed tube shape change after unloading, it 

still gives a positive feedback in terms of ability to observe the final result changes. 

Final results can be improved by further exploring AHM model capabilities and by 

incorporating more coefficients in material model description. 

Finally, it is to be noted, that present work involves a close comparison of results 

from experiment and FE simulations. While this is useful, once a valid FE model is 

developed, the real value of the modeling activity lies in optimizing the HGTF process 

by carrying out a large number of FE simulations outside of the range of experimental 

test conditions. This way, the model can capture most of the possible variations of 

process parameters and conditions without involving costly experimental part. The 
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consequent application of data analysis and different optimization techniques, such 

as sequential quadratic programming or model inversion, may lead to better part 

shape and mechanical properties with minimum effort. Various optimization tech­

niques have been employed for establishing an optimal forming window for polymer 

process parameters and conditions. As it was mentioned earlier in literature review, 

sequential quadratic programming was used in [51], to optimize the loading path and 

minimize the tube thickness variation. Similar work has been done by this author in 

[52), where single set of process operating variables and conditions, such as internal 

pressure, axial displacement, load path, temperature and strain rate was established. 

Data received from the batches was analyzed by implementation of multivariate sta­

tistical data analysis, such as principal component analysis and projection to latent 

structures. Optimized variable trajectories and operating conditions yielded into de­

sired quality characteristics in terms of tube wall thickness uniformity. In that case, 

25 different batches with different process variables and conditions were analyzed. For 

better results, larger number of batches could be included as well as more components 

could be incorporated in data analysis. Another improvement would be the inclusion 

of additional process information as a variable or constraint, such as initial states of 

thickness, stress and strain in the tubular material produced in the previous stages. 

Also, final tube shape can be included as constraint in optimization algorithm, as a 

way of minimization of distance between the outer tube wall and the inner surface of 

the die. 



Chapter 8 

Conclusions and Recommendations 

8.1 Conclusions 

The present work conclusions are summarized with the following points: 

1. Axial-feed hot gas tube forming (HGTF) process developed at McMaster, has 

been experimentally and numerically analyzed. Various characteristics of the 

process have been reported. 

2. FE models were able to capture material failure such as wrinkling and buckling 

and also predicted a case of incomplete tube expansion due to the low pressure 

and tube buckling initiation. 

3. Tube wall thickness distribution obtained via Ogden and ARM material models 

followed closely the experimental trends. 

4. Augmented Hybrid model, a viscoelastic-viscoplastic model, has been used for 

the first time in finite element simulation of plastic tube forming. ARM model 

gave better prediction of the overall tube wall thickness distribution than Og-
122 
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den material model in a fully loaded stage. Major and minor strain distribution 

results with AHM in a fully loaded stage are in a good agreement with experi­

mental results. 

5. Unloading part of HGTF was incorporated for the first time in FE simulation 

with AHM in an attempt to describe the final tube forming process results. Un­

loading results with AHM show improvement in tube wall thickness distribution 

as well as captured full tube length recovery. 

8.2 Recommendations 

Presently, forming process modeling capabilities of plastics are limited because of the 

lack of accurate constitutive material models with abilities to predict plastic behavior 

at high temperatures and high strain rates in loading and unloading stages. Increas­

ing use of advanced viscoelastic-viscoplastic models will allow to modelers predict 

material behavior with higher degree of accuracy in FE simulations of plastic forming 

processes. 

The following approach is recommended to further improve FE simulation results 

ofHGTF. 

1. To incorporate compression and dome test data along with tensile stress-strain 

data into material model calibration 

2. To increase number of experimentally measured coefficients in AHM material 

model, which will result in more accurate material behavior prediction 

3. To incorporate anisotropy in material model definition which will give better 

ability to capture strain distribution in the hoop direction of the tube 
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4. To include aspects of material microstructure in the material models 

5. To perform design of experiment and narrow down the temperature and strain 

rate limits window of testing material to approach the real process environment 

6. To perform multivariate statistical data analysis on the data in conjunction 

with an optimization method to obtain optimal process parameters 
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Appendix 

A Material Property Tests 

Al Sample Dimensions 

Tensile samples were cut and machined in the Engineering machine shop at McMaster. 

Tensile sample type V with the smallest dimensions according to D638-03 was chosen 

as a better fit for the purpose of experiments (Figure A1). Below is a graphical 

representation of the tensile sample. 
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Figure A1: Tensile sample type V 

All dimensions are in mm as well as in inches with acceptable tolerances. Sample 

dimensions and tolerances are shown in Table Al. Tensile samples were machined 

along the length of the tube. The thickness of the tensile sample was kept the same 

as initial tubular material wall thickness. 
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I Dimensions II Type V Tolerances 

W - width of narrow section 3.18 [0.125] ±0.5 [±0.02] 

L - length of narrow section 9.53 [0.375] ±0.5 [±0.02] 

WO - width overall 9.53 [0.375] +3.18 [+0.125] 

10 - length overall 63.5 [2.5] no max 

G - gage length 7.62 [0.300] ±0.25 [±0.010] 

D - distance between grips 25.4 [1.0] ±5 [±0.2] 

R - radius of fillet 121.7 [0.5] ±1 [±0.04] 

T - thickness 3.175 [0.13] ±0.4 [±0.02] 

Table A1: Tensile sample dimensions 
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A2 Engineering Strain Calculations 

As it was mentioned in Chapter 4, specific procedure was employed to determine 

engineering strain. It would be inaccurate to calculate engineering strain form the 

displacement of grips. Although the samples were clamped right at the end of spec­

imen's shoulder, slightly non-uniform width of the shoulder (dL) could result in sig­

nificant error in the calculation of engineering strain (Figure A2). 

I~ 
G 

~I 

Figure A2: Gage length G and shoulders dL of tensile sample 

For this purpose, tensile samples were marked at a specific gage length before defor­

mation using a permanent marker. After deformation, marked gage length elongation 

was measured. Final gage length elongation was compared with the grips displace­

ment measured by acquisition system. Discrepancy between final gage length elonga­

tion and displacement of the grips introduced non-uniform elongation of the sample's 

shoulder. Discrepancy between measurements was evenly distributed between data 

points to account for the samples non-uniform width. 
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B Part Thickness Variation Along the Length 

Repeat measurements of the tube wall thickness distribution was performed with 

a standard micrometer. Deformed tubes were cut in longitudinal direction and wall 

thickness was measured at several points along the length of the tube. Accuracy of the 

results in this case was affected by measurement imperfections. Due to the possible 

measurement errors, tubes were measured 3 times and standard deviation (STD) was 

calculated. Mean value of the measurement sets was taken as a representation of the 

final thickness distribution. Standard deviation of all cases is shown in Figure B 1. 
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C Material Models Input Data 

Material coefficients for Ogden and AHM material models are presented in sections 

Cl and C2 respectively. 

Cl Material Coefficients for Ogden Model 

Ogden material model coefficients were determined by experimental tensile stress­

strain data calibration in Abaqus/Explicit software. Ogden material model coeffi­

cients for N=3 are presented in Figure Cl. 

HYPERELASTICITY - OGDEN STRAN ENERGY FUNCTION Willi N = 3 

IvlU I 

1 -23.5255251 
2 4.19099015 
3 38.4766926 

ALPHA I 

2.00024294 
4.00006825 
-1.99915593 

D I 

0.00000000 
0.00000000 
0.00000000 

Figure Cl: Ogden material model coefficients 

C2 VUMAT Coefficients for AHM 

User material (VUMAT) subroutine was obtained directly from Dr. Bergstrom of 

Exponent Inc. Dr. Bergstrom is the developer of the AHM material model. Coeffi­

cients of the constitutive model are intended to describe material response as close 

as possible. Larger number of coefficients generally results in a better material de­

scription. AHM material model utilizes 30 coefficients in Abaqus. They account for 

viscoelastic-viscoplastic material properties. Coefficients used in the AHM material 
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model are described in Table Cl. Flags explanation is presented in Figure C2. The 

values of some of the coefficients were obtained by fitting experimental stress-strain 

curve to AHM material model equations by Dr. Bergstrom using a special purpose 

program. 

I Coefficient II Description Value 

Flags* UMAT Flags 4010 

alpha Coefficient of thermal expansion 0 

TO Reference temperature 373.15 

e£Th1u Effective Shear modulus 500 

EffKappa Effective Bulk modulus 4000 

rTol Relative error tolerance, used by ODEPACK 1e-06 

aTol Absolute error tolerance, used by ODEPACK 1e-08 

**** Network E spring **** 

EeO Young's modulus of Network E 48.4118 

dEdT Change in modulus with temperature 0 

nuE Poisson's ratio of network E 0.4 

**** Network A spring **** 

muAO Shear modulus 1.04128 

dMuAdT Change in shear modulus with temperature 0 

lamLockA Chain locking stretch 10 

kappaA Bulk modulus 1000 

qA 12 scaling factor 0.146 
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**** Network B spring **** 
sBO Initial scaling factor 29.1701 

sB1 Final scaling factor 3.65001 

pB Rate of change of sB 9.31249 

**** Network B dashpot **** 
tauBasBO Initial flow resistance of network B 72.2924 

tauBasB1 Final flow resistance of network B 14.8767 

aBasB Transition rate of flow resistance of network B 7.97952 

mB Stress exponent of network B 3.16623 

TBdouble Temperature increase to double flow rate 1e+09 

**** Network C dashpot **** 
tauBasCO Initial flow resistance of network C 11.4641 

tauBasC1 Final flow resistance of network C 7.11241 

aBasC Transition rate of flow resistance of network C 7.21219 

mC Stress exponent of network C 5.38639 

TCdouble Temperature increase to double flow rate 1e+09 

**** Damage evolution **** 
dam DO Damage evolution pre-factor 290 

dam A Damage evolution factor 4.1 

Table Cl: AHM material model coefficients 



""flags= abed (a 4 digit integer} 

a: ODE solve method 
0: explicit Euler 
1: RK4 
2: lsode1 0 (non-stiff) 
3: lsode2 2 (stiff) 
4: !soda (automatic stiff- nonstiff) 

b: calcJ (how to calculate the Jacobian) 
0: don't calculate Jacobian 
1: elastic Jacobian 
2: small symmetric approximate Jacobian 
3: full symmetric approximate Jacobian 
4: full unsym metric Jacob ina 

c: errRm (error recovery method) 
1: print error message and crash 
2: try to fix the problem and continue 
3: exit to the main procedure and set pnewdt = 0.5 
9: quit after the umat finishes its first calculation 

d: verb (verbosity level of debug messages) 
0 :no messages 
1 : umat (in & out) 
2 : umat (sum mary of calculation results) 
3 :all functions (in & out) 
4 :alldetail 

Figure C2: Flags description 
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