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Mechanical properties of the weld zone are necessary for accurate modelling of forming processes
involving tailor-welded blanks (TWB). Tailored blanks are usually produced by laser welding. Due to
small size of the weld cross-section it is not possible to use standard tests to determine mechanical
properties of the weld zone in tailor-welded blanks. Special testing procedures must be employed. This
paper presents different methods which can be used to determine mechanical properties of the weld zone
in tailor-welded blanks. Methods based on experimental tests as well as those combining experimental
procedures with numerical studies are described. The presented methods include uniaxial tension tests,

microhardness tests and indentation tests combined with inverse numerical analysis. The stress-strain
relationships for the weld zone in a steel laser welded blank obtained using different methods have been

compared with one another.
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1. Introduction

Various benefits, like part integration, tooling cost reduction, weight reduction and
improvement of structural properties, have extended the use of tailor welded blanks
| (TWB) in the car design and manufacturing. Tailor welded blanks are produced by
welding together blanks (or sheets of metal) of different grades or thicknesses. Despite
| a widespread use the design and stamping of the parts from TWBs still present certain
difficulties. Forming properties of TWBs are considerably different from those of I
homogenous blanks. Main factors influencing the formability of TWBs are the |
difference in material properties and/or thickness of the welded blanks, change of the
material properties in the weld and heat-affected zones (HAZ) as well as location and
orientation of the weld line [4,14]. In steel TWBS, in general, the weld is characterized |
with higher strength and lower ductility than base materials [12]. Therefore the |
formability in the area of the weld is significantly reduced. On the contrary to steel ! i
TWBs, the weldment in an aluminum TWB is usually the weakest region so the i
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formability of the TWB critically depends on the mechanical properties of the
weldment [9,18].

The properties and forming behavior of TWBs have been widely studied
experimentally [2,12]. Experimental investigations of TWBs are often combined with
numerical studies [5,11,12]. Numerical simulation enables a better understanding of
the forming behaviour and failure mechanisms during forming of TWBs.

Finite element analysis of forming of TWB is performed by two methods, ie,
either by considering the weld region as a weld line along which the blanks are tied
together [12,19] or as separate weld zone with specified material properties distinct
from those of the base materials [11,15]. Heat affected zones can also be included n
TWB models as separate entities in addition to the weld zone and base materials [14].
Various finite element models for TWB, employing discretization with solid and shell
clements, both with and without weld zone, are compared in terms of accuracy and
cost effectiveness by [19]. Inclusion of the weld zone, however, improves the analysis
results, especially if failure occurs near the weld region [11]. The importance of
treating the weld region, either as a zone or as a line, in FE simulations has been
investigated by [10].

Accurate modelling of tailor welded blanks with the weld included as a separate
weld zone requires knowledge of mechanical properties of material in the weld zone
as well as its geometry (width, area). Determination of mechanical characteristics of
the weld zone in TWB is not an easy task because of small extension of this zone.
Different methods are available to determine mechanical properties of the weld zone.

In order to determine the stress-strain relationship of the weld bead, Saunders [17]
developed an analytical procedure based on separation of the load supported by the
base material from that supported by the weld. The procedure was applied to the
results of tensile tests performed with specimens cut from base material and from
welded blank in such a way that the weld was along the loading direction. Similar
methodology to extract mechanical properties of the weld zone in TWBs was
employed by [1]. In this case, however, the authors used specimens of different size
claiming the smaller specimens allowed them to obtain more accurate results. Tensile
properties of the material in the weld zone of TWBs were measured directly using a
specially designed specimens for weldments by [3]. Mechanical properties of the weld
zone in TWBs can also be assessed indirectly with the help of micro-hardness
measurements [14,16].

Most of the cited above works concentrate on one method. The purpose of this
article is to review and critically assess different available methods to determine data
necessary to model the weld zone of TWBs. The extension of the weld zone will be
studied by metallographic observations and microhardness tests. The tensile properties
of the material in the weld zone will be determined by the tensile tests using
specimens without weld and with weld parallel to the loading direction. Alternatively
tensile properties will be determined indirectly using the results of microhardness
measurements as well as indentation tests combined with inverse analysis based on the
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finite element simulation of these tests. Additionally mechanical properties wil_l be
determined numerically by simulating the las.er welding process. The results pbtamed
using different methods will be compared in terms of accuracy and practical use.
validity of assumptions made for different testing procedures is explored.

2. Metallographic observations

In this study, tailor welded blanks were obtained by joining steel sheets (IOOQ mm
% 150 mm) of the grade DC04 and of the thickness 1.0 mm. In Qrder to avoid the
effect of difference in thickness and properties of base _rnaten‘als on the weld
characteristics, the two identical base sheets are taken for the investigations presented
in this paper. The TWBs were welded using a Nd:YAG lase'r. .

Mechanical properties of the weld are related to the rmcrgstructure after yveldmg
which can be investigated by metallographic observations. Observatlor}s of
microstructure of the weld zone of a TWB provide information abput ’ghe extension of
the fusion and heat-affected zones, as well as phase compos'itlon in these zones.
Microstructure of steel was investigated with the use of optical agd transmission
electron microscopes. The primary microstructure of steel before welding conmsted of
ferrite with a little contribution of pearlite (about 8%). It was found that after welding
the microstructure of TWB specimen (in the weld and heat affected zone) is composed
of about 50% of bainite, 45% of ferrite and 5% of martensite (Fig.‘ 1).‘The results. of
metallographic observations will be used as reference data for validation of welding

simulation.

y (mm)

Figure 1. Microstructure of the investigated TWB

3. Uniaxial tension tests

Uniaxial tension test yielding a stress—strain curve is one of the basic te§ts to
determine mechanical properties of a material. Standard tensile tests can be applied to
the base material of a TWB, testing of the material of the weld zone, hovyever,
requires some modification. Due to small size of the weld cross-section it is not
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possible to use standard size specimens. Following the procedure pres.ented in [1]
specimens of different size have been used for testing. Some specimens have been ceul
out from the base material only, and the others have been cut from the material witly

the weld in such a way the weld line was parallel to the loading direction aﬂﬂ
coincided with the axis of symmetry of the specimens.

Figure 2. Broken specimens after tensile testing

Broken specimens after tensile tests are shown in Fig. 2. Representative stress—
strain curves obtained for different specimens are plotted in Fig. 3 using engineering
stress and strain measures. The curves obtained for the specimens without weld
characterize strength properties of the parent (base) material. The agreement between
the curves obtained with different sizes can be observed, this means that the small
specimens are adequate for tensile testing. It can be seen that the strength of the
specimens with weld is higher than that of the specimens without weld. The influence
of the weld material strengthening can be clearly observed. The weld also decreases

the maximum elongation of the tested material. The effect of the weld in the small
specimen is more pronounced.
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Figure 3. Engineering stress-strain curves for different specimens
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Numerical analysis of TWB forming requires the input of stress——strail_l curves in
irue stress and true strain measures. Under assumption of uniform deformation the true
(Cguchy) stress o, and true (logarithmic) strain &, can be expressed in terms of

engineering (nominal) stress o, and engineering strain &,
a, =o,(1+¢,) )

g =In(l+&,) @)

Using equations (1) and (2) in the range of the deformation up to .the initiation gf
necking true stress—true strain curves can be obtained from engineering stress-stra%n
curves. The curves computed by this procedure for different specimens are plotted in

Fig. 4.
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Figure 4. True stress-true strain curves obtained for different specimens

The stress—strain curve for the material in the weld zone can be gxtracted from the
curves characterizing tensile properties of the weld with and'w1th9ut weld. The
resultant force, P, in the specimen with weld can be written in terms of average

spw

stresses, o, ",

as
P=cFr4" 3)
where A" is the cross-sectional area of the specimen with weld. The load P can

: w bm
be decomposed into the parts carried by the weld and base material, P” and P,
respectively:
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P:Pw +Pbm ___o_twAw +G',bmAbm

(4)

where 0," and & are average stresses in the weld and in the base materig|,

respectively, in the loaded specimen with weld, 4"

and A" is the cross-sectional area corresp
equality being satisfied

Is cross-sectional area of the weld
onding to the base material, the following

ASP‘V:AW+Ab1n (5)

Combining Egs. (3) and (4) the expression for the stresses in the weld can be
obtained in the following form:

spw bm
g A b A

A" 6
4% g (6)

o, =0,

Assuming that the weld and base material in the s
ratios AP/ A" and A"/ 4"
of the failure and can be estim
cross-section. Estimating the
and heat affected zones) in th
the procedure expressed by E
strain curves for the material
in comparison with the curve

pecimen deform uniformly, the

are constant during the deformation until the initiation
ated from the metallographic observations of the TWR
average width of weld zone (including the fusion zone
e TWB investigated to be 2.1 mm (Fig. 1) and applying
q. (6) to small and large specimens with weld the stress—
in the weld are obtajned. The curves are plotted in Fig. §
s for the base material, A very good agreement can be
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Figure 5. True stress-true strain curves for base material and weld
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erved between the curves obtained for the specimens of dlffe;ent s1zel.leTf}C1)fr:
0bbe’crain curves obtained from the tension tests are treated as the reference o
slress—s

ves produced by other methods. _ . ' S
mu:\!;hrf;ocompute}rl programs for simulation of forming processes require the curve
a

analytically. One of the most common analytical approximations of the stress-
[ en ) - . - .

Ellltlin curves is that given by the Swift equation [6]:

S

()
P n
o=C(gy+&ly) | .

i i e plastic
where C, &, and n are the material parameters and &7, is the effective p

imati Id and base materials are
i ift roximation of the curves for the we naterials
o Trhli":i S\)‘6,1 TI?S %wift parameters for the base material are the follow.mg. C 4]?)1
;E;iwn m— g.l 1'9- 10 and n = 0.22579. The analytical curve for the weld is defined by
a, go - 0.

= 1072 and n =
the following Swift model parameters: C = 603.8 MPa, & = 4.069 10 and »
8.897-107.
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4. Microhardness test

Microhardness tests provide information about the dilstributiorf{ of' har:)ig;s;l ég ‘i]}nlz
i is indi tension of the weld zone. Having
tailor weld blank. This indicates the ex r t
hilrdness the relationship between hardness and strength of the material allows us to
ine strength parameters of the weld zone. .
det?\flrirclzlrohardnfss rpileasurements have been made for the tailor welde@hbtlﬁnl; ggii:r
investigation using a Vicker’s microhardness tester. The scale HV 0,2 with the loading
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of 1.961 N has been employed. Microhardness has been measured on the blank
surface along the line perpendicular to the weld.

The results of microhardness measurements are plotted in Fig. 7. It can be obseryeg
that material in the weld zone is characterized with much higher hardness (a

proximately 1800 MPa) than the base material (approximately 1050 MPa). The weld
zone extension determined by the microhardness measurements (Fig. 7) coincideg

with the extension estimated in metallographic observations (Fig. 1).
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Figure 7. Microhardness profile along the line perpendicular to the weld

Experimental investigations show that both the yield strength and tensile strength
gf steels exhibit a linear correlation with the hardness [13]. Assuming that the strength
1s represented by the yield stress, we can write the following relationship between the

yield stress and hardness of the weld and base material, o and gH”, and ¢®" and
lqum .

O_w O_bm

;ﬁvzﬁﬁ; (8)

This means that knowing the stress-strain curve of the base material the stress-strain
curve of the weld material can be obtained as

o :O_bm ;;{Hbm (9}

. The stress-strain curve for the weld obtained by scaling the curve of the base material
is given in Fig. 8. Comparison with the curve obtained from the tension tests (Fig. 8)
shows that scaling (9) underestimates the yield stress in the range of small plastic
deformation and overestimates the yield stress in the range of large plastic deformation.
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Figure 8. Stress-strain curves for weld and base material obtained from the microhardness measurements

5. Indentation tests

Indentation tests basically involve the same testing procedure as that used in
hardness measurements but unlike in the latter tests the former methods employ the
tesults to extract more information about the material behaviour. The load-unload
curve obtained during indentation is commonly used to identify mechanical properties
of the material {7, 8].

Indentation tests have been made on the studied tailor welded blank. The test points
have been chosen in different places of both base material and weld zone. The results
of these tests combined with an inverse numerical analysis have allowed us to
determine mechanical properties of both base material and weld zone. Indentation
tests have been performed using a Rockwell hardness tester and assuming the hardness
scale HR15T with a steel ball indentor 1/16". Typical results of the indentation tests
are shown in Figs. 9 and 10.

Material properties have been determined by fitting simulation and experimental
force vs. indentation depth curves. As the target experimental curves we take the
curves shown in Fig. 9a and 10a for the base material and for weld material,
respectively. The inverse problem can be defined as an optimization problem. In our
case we used a simple trial-and-error approach. Numerical results of simulation of
indentation tests for the weld material are shown in Figs. 11 and 12 in the form of the
deformed configuration with distribution of equivalent plastic strain and the numerical
curve force vs. depth of indentation, respectively. Similar results are obtained for the
weld zone (Fig. 13).
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Stress-strain curves for the weld and base material obtained from the inverse
analysis are shown in Fig. 14 in comparison with the reference curves obtained from
the tension tests. The curve for the base material obtained from indentation tests gives
slightly lower stresses than those determined by the tension tests, hardening

s of both curves, however, are similar. Comparison of the curves for the
weld material indicates that the initial yield stress predicted by the indentation tests is
lower than that obtained from the tension tests, and hardening from the indentation
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Figure 14. Stress-strain curves for weld and base material obtained from the inverse analysis

6. Conclusions

Different methods, including metallographic observations, uniaxial tension tests,

microhardness measurements, indentation tests and numerical simulation of laser
welding, are available for determination of mechanical and geometrical characteristics
of the weld zone in tailor welded blanks. The stress—strain curves obtained. with
different methods show certain differences although the level of stresses is similar. The
tensile test can be considered as the most trustworthy method to determine stress—strain
curve as the curve is a direct result of the test. The methodology consisting in using the
specimens with weld along the loading direction gives a stress-strain curve for a material
in a weld. Comparison of the results obtained using standard and small specimens
indicates that both sizes give similar results as the yield stress and hardening of the

material in a weld zone are concerned, therefore standard specimens can be used for
testing.
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