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(c) Typical properties with lower objective functions for the nugget zone. 
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(d) Predicted plastic stress-strain curves for the three welding zones. 

Figure 5.22 Inverse modelling results for the three welding zone of steel A. 
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Figure 5.23 Hardness data and force-indentation lZ (P-d) data f r th three welding 
zones in the welded joint of steel B. 
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Figure 5.24 Inverse modelling results for the three welding zones of steel B. 
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Figure 5.25 Typical FE model of tensile-shear test of spot welded joint. 
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Figure 5.26 FE modelling results of tensile-shear test vs. the experimental data (steel 

A). 
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Figure 5.27 FE modelling results of tensile-shear test vs. the experimental data (steel 
B). 
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(b) Force-displacement data of welded joints with different sheet thickness (nugget 
diameter=6mm). 

Figure 5.28 Effect of the nugget size and sheet thickness on the tensile shear strength 

of welded joint of steel A. 
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(b) Force-displacement data of welded joints with different sheet thickness (nugget 
diameter =4.Smm). 

Figure 5.29 Effect of the nugget size and sheet thickness on the tensile shear strength 

of welded joint of steel B. 
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Figure 5.30 Effects of the nugget diameter (a) and sheet thickness (b) on the strength 
of the welded joints under tensile shear loading for steel A and B. 
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CHAPTER 6 

DISCUSSIONS 
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6.1 Use of indentation and inverse FE modelling in characterising 

material properties 

Indentation testing is an important materials testing method in which a sharp or blunt 

indenter, is pressed into the surface of a material. It can be used to test different types 

of materials such as brittle (e.g. ceramics), elasto-plastic (e.g. metals) and soft 

materials (e.g. foams, rubbers, etc.) (Ren et ai, 2003). One significant advantage of 

indentation is that it only requires small amounts of material; this makes it very 

attractive for the characterisation of materials with gradient properties, where standard 

specimen is not readily available such as in situ or in vivo tests (Ren et ai, 2004; Ren 

et ai, 2006). As shown in Figure 2.3, spot welded joints represent a typical case for 

such a situation. As demonstrated in chapter 5, the plastic material properties for the 

different regions in a spot welded joint have been successfully predicted using a 

simple approach developed based on the frame-work setup in chapter 4. These 

material properties were then used in a FE model to predict the performance of spot 

welded structure under tensile shear loading. 

Spot welded joints are widely used in many load bearing situations and their 

mechanical strengths have a strong influence on the integrity of the whole structure. A 

large amount of research work have been conducted to study the deformation of spot 

welded joints, experimentally or numerically, under different loading, such as tensile, 

bending, impact, etc. (Cavalli et ai, 2003; Darwish, 2003; Yang et ai, 2003; Zhou et ai, 

2003). Two important aspects governing the strength of the weld are its elasto-plastic 

law and fracture behaviour, which have been studied in this work. The elastic 

properties (e.g. Young's modulus E) of the metal are available from standard test of 

the base metal, and it is known that the Young's modulus does not vary significantly 

with structure change associated with thermal history of the material such as heat 

treatment or welding (ASM, 1966). This made it reasonable to focus on the plastic 

behaviour of the metal and welding zones. 

The plastiC behaviour is normally described by the constitutive material equations. 

The plastic behaviour can be described by two forms of constitutive laws. One form 
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uses three parameters (Eq. 2.1) while the other form uses two parameters (Eq. 4.1). In 

many cases, the three parameter power-hardening rule (Eq. 2.1) is used for steels. 

These material parameters influence both the yielding strength and work hardening 

behaviour of the spot welded joint. However, most works on inverse modelling used 

the two parameter power law form (Eq. 4.1) for the true stress-strain curves rather 

than the three parameter form since the parameter K and n are interlinked. This is 

confirmed by preliminary work using three parameter equations, which could not 

predict a unique set of material properties. Most metallic materials can be accurately 

described by two parameter methods. This made it a lot easier for the inverse 

prediction of properties, so it has been adopted by several approaches using either the 

full loading/unloading curves or the loading curve from instrumented indentation tests 

(Tabor, 1951; Giannakopoulos and Suresh, 1999; Dao et ai, 2001; Herbert et al., 

2001; Nakamura et ai, 2001; Bucaille, et ai, 2003; Cao and Lu, 2004; Tho et ai, 2004; 

Lan and Venkatesh, 2007). 

As shown in Figure 2.18, an inverse FE modelling process has been developed, which 

consists of three main parts - experimental data, finite element modelling (FE) data 

and the inverse program. The validity and accuracy of such an approach may be 

influenced by factors associated with these processes, such as experimental data, FE 

modelling, searching mechanism, etc. The most crucial fundamental aspect of an 

inverse program lies in that the input data must be able to provide sufficient material 

behaviour over different stress-strain conditions. In other words, there must be (or 

close to) one to one relationship between the stress-strain relationship and the 

experimental data. This may effectively be achieved by selecting suitable indentation 

testing conditions (types of indenter or combination of the indenters). This was 

evaluated using comparative study approaches based on single indenter and dual 

indenter methods of three most commonly used indenter types - Vickers, Knoop and 

spherical. 

As shown in chapter 4, numerical experimental data, i.e. numerical result with known 

material properties, were used as the experimental data for e\'aluationlidentification 

purposes in the blind tests. This allowed the program to make a direct evaluation of 

. d 'olutl'ons with respect to actual solutions. over a wide range of materials 
estimate s , 
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and systematically compare the uniqueness and accuracy of the results. It also allowed 

the results from single and double spherical indenter method to be directly compared 

and their correlation was established. As shown in Figures 4.19, 4.21 and 4.23, the 

results from the single indenter method (Vickers, Knoop and Spherical) are not 

unique; multiple properties over a wide range of materials could match the indentation 

curves. This agrees with the published work (Dao et ai, 2001; Bucaille et ai, 2003: 

Swaddiwudhipong et ai, 2005a; Luo and Lin, 2007). As shown in Figure 4.25, the 

work has also further established that the combination of sharp indenters (Vickers and 

Knoop) could not accurately predict the results either. As shown in Figures 4.17 and 

4.28, the combination of the spherical indenters of different size could significantly 

reduce the range of materials matching the indentation curves, but the range of the 

converged parameters is still significantly large with distinctly different stress-strain 

curves. Evident from Figures 4.29-4.32, the combination of the sharp and spherical 

indenters produced much better results. The predicted results with lower objective 

functions were confined in a small region with comparable stress-strain curves. In 

other words, the stress-strain curve can be predicted uniquely with a reasonable range. 

The V+S and K+S approaches showed better sensitivity to perturbation of indentation 

force. 

The study based on the continuous indentation curves has established a framework in 

terms of selection of indenters to predict the plastic properties. The force-indentation 

size approach based on dual indenters method of sharp and spherical indenters is more 

convenient to study spot welded joints. Preliminary works showed that the Knoop 

indenter is not entirely suitable as the gradient properties causing some uncertainty 

when testing the HAZ zones. The new inverse FE program was validated by blind 

tests (Table 5.1), and standard tensile test results of the two base steels (Figure 5.15). 

The accuracy achieved is comparable to that based on the P-h curves. The slight 

difference between the predicted and experimental results is reasonable and will not 

. 'ficant dl'fference in describing the material behaviours as shown in Figure cause slgm 1 

5.17 and Figure 5.18 in this case. The use of the approach in characterising spot 

welded joint showed that this approach is valid and potentially can be used as an 

. to the continuous testing to characterising plastic properties of materials. It 
alternative 

d W here continuous indentation facility is not readily available. 
can be use 
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6.2 Factors affecting indentation and inverse FE modelling process 

For elasto-plastic materials, the indentation process involves elastic and plastic 

deformation until reaching a full plastic regime at a higher indentation depth (i.e. 

strain level). The indentation resistance of a metal is commonly represented using the 

force indentation depth (P-h) curves, which can be affected by many factors (such as 

indenter shape, materials deformation around the indenter and experimental 

conditions, etc.). These factors have to be carefully considered when usmg the 

indentation method and FE modelling process. Frictional effect tested usmg the 

numerical models (Figures 4.3, 9 and 13) showed that there is significant effect 

between frictional and frictionless condition over the indentation depth range for the 

three indenter types used, while the difference between different friction coefficients 

is limited. This agrees with other published works (Bucaille et ai, 2003). However, 

this could provide a significant advantage for inverse FE modelling as it could reduce 

the uncertainty of result due to frictional condition, which is normally very difficult to 

characterise. 

The different material response with different indenter shapes may provide an 

important insight to inverse process of properties prediction. As shown in Figure 6.1, 

the P-h curves for different types of indenter with the same materials were 

significantly different. Vickers and Knoop indenter can be simplified into cone 

indenters, with an angle of 70.3° and 77.64°, respectively. The curvatures of their P-h 

curves are different but varied with the material properties in a similar trend as shown 

in Figures 4.5 and 4.10. The spherical indenter is significantly different, it has a 

varying indenter angle with depth. In addition, the contact area also changes with 

indenter type with the contact area of spherical indenters being significantly larger 

than the other two indenters (Table 2.2). As shown in Figure 6.2 (a-c), the strain 

distribution under the indenter is significantly different; this may potentially cause 

different material behaviours. The representative strain is independent of the indenter 

. . d ntatl·on load but is weakly influenced by the tip angle of the sharp indenter 
SIze or III e 

.11 tal 2003) Invoking the existence of this representative strain is a key step (BuCal e e, . 
in the determination of mechanical properties using reverse method by sharp 
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indentations (Giannakopoulos and Suresh, 1999). Figure 6.3 shows the strain 

distribution for RO.5mm at different depths. Strain distribution is also not significantly 

different. The difference between sharp and spherical indenter may provide the 

different stress strain condition therefore better inverse modelling to predict the 

material properties. This is probably the reason behind the better prediction result for 

the dual indenters method than the single indenter method. 
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6.3 Comparisons of the accuracy with different approaches 

Two main current research focuses to be tackled are the uniqueness of the predicted 

parameters and their sensitivities to perturbation in experimental data, which is an 

intrinsic characteristic of the problem in inverse (or reverse) material parameters 

identifications (Bucaille et al, 2003; Lan and Venkatesh, 2007). This has been 

successfully investigated by directly comparing different approaches for the same 

input material set. 

As detailed in chapter 4, for each single indenter method, there were multiple sets of 

material properties matching the input P-h curves and all these data fall roughly on a 

straight line. This agrees with some recent works (Cao and Lu, 2007: Luo and Lin. 

2007). Single spherical indenter has reduced the numbers of material sets, but the 

result is still not unique over the strain range of this work. Dual sharp indenters using 

Vickers and Knoop have not significantly reduced the number of potential material, 

and all these data fall roughly on a straight line similar to the single Vickers or Knoop 

method. The dual spherical indenter method showed significant improvement but the 

accuracy is lower than the combinations of sharp and spherical indentation. 

Figure 6.4 compared the accuracy of the three dual indenter method (S+S: SR05 and 

SRI; K+S and V+S) with some published results (Dao et aI, 2001; Bucallie et ai, 

2003; Swaddiwudhipong et al, 2005) for material with cry=500, n=O.I. Dao et al 

(200 I) used the reverse analysis method by sharp indentation P-h curves to 

characterise the material properties. Bucallie (2003) utilised the reverse analysis 

method by dual and four sharp indentation P-h curves to characterize the material 

properties. Swaddlwudhlpong et al (2005) used the reverse modelling method by dual 

and four sharp indentation P-h curves to characterize the material properties. It is 

clearly shown that the V+S and K+S method developed in this work has achieved 

significantly better accuracy than the published works in blind test. 
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6.4 Sensitivity of the inverse FE modelling to perturbation in the 

indentation force 

Sensitivity of the predicted material properties due to variations of the input 

parameters is essentially an intrinsic characteristic of inverse processes. In this work, 

the input data were taken from a numerical model, but, in a real testing situation, there 

can be potentially both system and random errors. Factors such as indenter anale ::> ' 

roundness of the tip, and accuracy of the recorded indentation force or depth all 

influence the measurement results (Dao et aI, 2001). This has been studied by adding 

a small percentage of perturbation to the indentation force, and then comparing the 

predicted properties with the original data. As shown in Table 4.4 (sensitivity study), 

a perturbation of 3%, a typical error in indentation tests as established by Dao et al 

(2001), resulted in a variation of -10% of the yield stress and within -10% of the 

work hardening coefficient. It is also shown that the V +S method is significantly 

better than the dual spherical method. In both cases, the sensitivity results were 

considerably better than other reported methods. Figure 6.5 compared the sensitivity 

of the three approaches and some published works with a material properties set of 

O"y=500, n=O.I. The combination of sharp and spherical indenters is less sensitive to 

the perturbation in experimental data than combination of spherical indenters of 

different sizes. The sensitivity from these methods is considerably lower than the 

variation associated with dual sharp indenters on similar materials. Bucaille et al 

(2003) have systematically investigated the perturbation in force on the predicted 

results using a. reverse method based on Dao's approach. A 3% increase of the normal 

force resulted in a difference of 16-44% (cone indenter angle is from 42.3° to 60.3°) 

on the value of 'n' for steel. Swaddiwudhipong et al (2005a) found that the yield 

stress exhibits rather strong sensitivity to perturbations in input parameters, especially 

for regions with large n values. At regions with n values less than 0.4, the variation of 

yielding strength due to perturbations in input parameters is capped at 30%. The 

maximum variation of n in the domain is about 0.1 for the large value of n of 0.6. This 

clearly demonstrates that the dual indenters method could further reduce the 

uncertainty of predicted material properties compared to the dual sharp indenter 

method. 
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This reduced sensitivity of predicted material properties to perturbations in the input 

data is probably due to the fact that the V +S method has introduced a higher degree of 

redundancy by incorporating the results of more indenters. This could provide a 

practical approach, which is not dependent on the initial value and strain level. 
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6.5 Approach based on static indentation test and characterisation of 

spot welded joints 

The instrumented method is an automatic way to detennine continuous P-h CUf\'es: 

however, the work relies on the accuracy of testing facilities. In addition. factors such 

as the contact area, indenter type and alignment may significantly affect the results 

(Dao et ai, 2001; Bucaille et ai, 2003; Swaddiwudhipong et ai, 2005a,b). The force 

indentation size approach developed in this work represents a simpler approach. As 

shown in the blind test (Table 5.1), the work can provide similar accuracy compared 

with using the P-h curves as shown in Figure 5.15. The predicted material properties 

showed a good agreement with standard tensile tests. This demonstrated that this is a 

feasible approach. As detailed in Chapter 5, the correlation between the experimental 

results is not as close as the blind tests. However, in all the cases, the G values 

showed a clear focusing point and reasonable small region of similar G values, which 

suggest that the approach can produce reasonably unique results. The scatter of the 

indentation may come from many factors associated with the experimental or material 

factors, which requires further investigation. However, the prediction is reasonably 

robust and accurate for this application. 

As shown in Figure 5.22 (d) and 5.24 (d), the true stress-strain curves of the base, 

HAZ and nugget were significantly different. This is probably associated with thennal 

mechanical process of the welding process. As shown in Figure 2.1-2.3, the welding 

process is a complex interaction between electrical, thennal, metallurgical and 

mechanical phenomena, which leads to the plastic material property change in distinct 

welding zones (Figure 5.20 and 5.23). The weld nugget typically consists of a 

martensite structure due to the high cooling rate while the heat affected zone (HAZ) is 

a mixture of tempered structure. This caused the difference in the yield stress, which 

is mainly associated with the structural difference of the phases. The work hardening 

coefficient varied slightly between the base, HAZ and nugget. The difference between 

steel A and B is probably due to the potential effect of the production process of these 

two steels. 
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Traditionally, the yield stress is estimated using hardness values of welded joints 

(Zuniga and Sheppard, 1995; Zhou et ai, 1999). The commonest approach used a ratio 

of 3 (crr:Hv/3). Figure 6.6 and Figure 6.7 compare the yield stress of welding zones 

predicted in this work (V+S method) and other methods. Also included in the figure 

was the data for the base metal at an annealed condition (Quenching at 880°C and 

furnace cooling), which represents a work hardening relieved condition. It clearly 

showed that, the yield stresses predicted by V +S method and Zuniga's method 

(Zuniga and Sheppard, 1995) were close to the tensile test result (as shown by the 

dotted lines) for steel A. However, Zuniga's method failed to predict the material 

properties for steel B, while the hardness method has over estimated the yield stress of 

the material. Zhou's method is not for predicting yield stress but the ratio between the 

Base, HAZ and Nugget. For steel A, the result from the V +S method is comparable to 

the prediction based on Zhou's method but the prediction is significantly different for 

steel B. This suggested that the ratio is material dependent, which may limit the 

application of Zhou' s method. 

Figure 6.7 compared the predicted work hardening coefficients for different zones 

with samples of the base metal under annealed condition. The 'n' value has followed 

a different trend for these two materials. Steel A has a relatively low work hardening 

coefficient and it increased after annealing (from 0.1 to 0.15). This is probably 

associated with the release of the work hardening with the heat treatment. The work 

hardening coefficient increased slightly in the HAZ and the Nugget. While for steel B, 

the 'n' value showed ignorable change with annealing condition and slightly 

decreased in the HAZ and the nugget. The different trend of n within two steel joints 

is probably associated with their initial production conditions. 

As an essential tool to achieve automation and prediction of the material/structure 

behaviour, finite element (FE) modelling has been used in simulating the thermal 

th development of the microstructures and their effect on the performance of 
process, e 
welded structures (Cerjak and Easterling, 1993; Chae et al. 2002: Aravinth et aI, 2003: 

k t I 2004' Santos and Zhang, 2004; Yang et ai, 2005). However. the 
B a yra tar e a, , 
.' f the works on the mechanical modelling have been using simplified 

majorIty 0 

. I d Is (Zhou et al 1999; Deng et al. 2000; Langrand and Combescure, 2004: 
matena mo e. ' 
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Rodrigues et aI, 2004a, b; Rusinski et aI, 2004) due to the difficulties in measuring the 

localised material properties. The work developed in this work represents a more 

thorough approach incorporating the detailed material properties to be able to 

accurately predict the performances of the structure. The results show that the FE 

models with material properties predicted from indentation could match the tensile­

shear test results. The models were then used to study the effect of nugget size and 

sheet thickness. As shown in Figure 5.30, in both cases, the relationship is not entirely 

linear and the structure-strength relationship is clearly material dependent. It should 

be noted that the nugget sizes concerned in this work all fall into the welding lobe of 

the material and can be defined as a good weld in industrial practice. One future 

direction of the work is to develop the model into a design for strength tool. As shown 

in Figure 6.8, the indentation method could be effectively fitted into a program 

consisting of welding simulation, material characterisation and mechanical modelling. 
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CHAPTER 7 

CONCLUSION AND FURTHER WORK 
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7.1 Summary and conclusions 

In this work, the use of an inverse FE modelling indentation method to predict the 

plastic properties (e.g. yield stress and work hardening coefficient) of elasto-plastic 

materials has been systematically studied. FE models of three typical indenters have 

been developed and validated against some published experimental data. An inverse 

program based on the dual indenters approach and continuous indentation curves has 

been established and validated, which provides the framework for a new method 

based on static indentation rather than continuous indentation. The method has been 

used to study of two typical auto steels and their spot welded joints. These predicted 

plastic material parameters were then used in numerical modelling of the tensile-shear 

deformation of spot welded joints. The validated numerical model was successfully 

used to investigate the effect of nugget size and the thickness of the metal sheets on 

the strength of welded joints. 

An inverse modelling program based on a parametric study technique has been 

developed to extract material properties based on indentation tests. A range of 

potential approaches using different indenter types were comparatively studied 

including their uniqueness, accuracy and sensitivities to perturbation in the input data. 

A new method based on dual indenters of different shapes (as compared to the single 

indenter method) has been developed. The results showed that (i) there are multiple 

materials with different stress-strain relationships but matching indentation curves 

with Vickers, Knoop or spherical indenters, which suggests that an approach based on 

single indenter could not predict the material plastic properties unless the range of 

material properties is pre-known; (ii) The combination of two sharp indenters (e.g. 

Vickers and Knoop) could not extract the materials properties; (iii) Dual spherical 

indenters showed great improvement in terms of convergence, but the results are very 

sensitive to perturbation in the force or other experimental error: (iv) The combination 

of sharp (Vickers or Knoop) and spherical indenter is proven to be the best approach 

. h urate and robust results over a wide range of material properties; (v) 
WIt acc ... 

. 'on of the new approach with other published work using dual sharp 
Compans 
. 'howed a clear improvement in terms of both accuracy ano sensitivity. 
mdenters s 
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Based on the framework established, a new method using static indentation data 

rather than continuous indentation data has been developed and integrated with the 

inverse FE modelling to provide a simpler and more practical approach. The approach 

is validated using blind tests and the evaluation based on numerical experimental data 

showed similar accuracy to the continuous indentation curve approach. The method 

was then used to characterise the properties of two typical auto steels and their spot 

welded joints. Experimental work on two steels showed the stress-strain curves 

predicted are comparable to standard tensile tests and notched specimens, which 

suggests that the approach using static indentation data rather than continuous 

indentation data is a feasible way to characterise plastic properties. The new method 

represents a simpler and more practical approach which is suitable for an application 

where an instrumented indentation tester is not available. 

The method developed has been successfully used to characterise the plastic 

properties of different zones in spot welded joints. Use of the method on spot welded 

joints showed that the yield stress predicted is considerably more accurate than pure 

hardness based approach and other empirical methods. Results showed the yield stress 

increased from the base, HAZ and nugget while the change of work hardening is 

materials dependent. For both steels studied, the change of work hardening coefficient 

is not significant. These plastic material parameters were then used in numerical 

modelling of the tensile shear deformation of the spot welded joint. The validated 

numerical model was further used to investigate the effect of nugget size and the 

thickness of the metal sheet on the strength of welded joints. The results showed that 

the effect of these dimensions is material dependant and it is not a pure linear 

relationship. 
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7.2 Recommendations for future works 

This work has developed a framework for characterising plastic properties based on 

indentation tests. The three main outcomes, i.e. optimum combination of indentations 

for inverse FE modelling, approach based on static indentation method and its 

application in characterising spot welded joints, have laid a solid platform for future 

works in the following areas: 

1. Use of combination of sharp and spherical combination in other materials 

systems. The methodology developed represents a general approach which can be 

used in many other materials systems. 

2. Characterisation of different material systems and effect of HAZ on the structure 

over a wider range of loading conditions. 

3. Conversion of the parametric model into a design and process selection tool. The 

integrated framework developed can be expanded to characterise more complex 

material systems - welding of low strength and high strength steels. This is an 

area of significant importance in the design of light structures. Another main area 

is to develop a programme linking the welding parameter selection and the FE 

models. 
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