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A process model for welding of age-hardening 
aluminum alloys has been developed 
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ABSTRACT. This article illustrates the 
applications of process modeling for pre- 
diction of microstructure evolution, 
residual stresses and distortions in weld- 
ing of hollow AA6082-T6 extrusions. The 
model consists of three components, i.e., 
a numerical heat flow model, a micro- 
structure model and a mechanical model 
that are sequentially coupled, it is shown 
that the model adequately predicts the 
temperature and local strength distribu- 
tion. The calculated distortions were 
found to depend strongly on the welding 
sequence. Moreover, the local softening 
of the heat-affected zone was shown to 
have a significant effect on the simulated 
residual stress distribution. 

Introduction 

Weldments are prime examples of 
components where the properties 
achieved depend upon the characteristics 
of the microstructure. This description ap- 
plies in particular to structural parts of age 
hardening aluminum alloys, which are 
being used with increasing frequency in 
the transport and automotive industry be- 
cause of their high strength, good forma- 
bility, low density and good resistance to 
general corrosion. In certain cases, the 
application of aluminum is restricted by a 
low heat-affected zone (HAZ) strength 
level due to softening reactions occurring 
during welding. In other cases, cracking 
resistance, fatigue strength or global dis- 
tortion becomes the limiting factor, de- 
pending on the design criterion. 

In recent years, significant progress 
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has been made in the understanding of 
physical processes that take place during 
welding of aluminum alloys. A synthesis 
of that knowledge has, in turn, been con- 
solidated into process models, which 
provide a mathematical description of 
the relation between the main welding 
variables (e.g., heat input, plate thick- 
ness, joint configuration, etc.) and the 
subsequent weld properties, based on 
sound physical principles (Refs. 1-8). The 
components of such a model will be 

1) A heat flow model for prediction of 
the temperature-time pattern during 
welding 

2) Kinetic models for prediction of 
the HAZ microstructure evolution (e.g., 
volume fraction of hardening precipi- 
tates) as a function of temperature 

3) Constitutive equations, based on 
dislocation or continuum mechanics, 
which can be implemented into FE codes 
and provide quantitative information 
about the resulting heat-affected zone 
(HAZ) properties such as strength or 
residual stress level 

In the present investigation the con- 
cept is further developed and applied to 
modeling of the relation between heat 
flow, microstructure evolution, residual 
stresses and distortions during welding of 
hollow 6082-T6 extrusions. As a starting 
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point, a general framework for handling 
complex problems of this kind is pre- 
sented, based on the internal state vari- 
able approach. Here, the basic idea is to 
capture the microstructure evolution and 
deformation fields in terms of differential 
variations of some state variables with 
time for each of the relevant mecha- 
nisms. Separate response equations are 
then developed to convert the current 
values of the stated variables into mea- 
surable quantities such as hardness, yield 
strength and accumulated stresses or 
strains. The outputs from the model will 
be illustrated in different numerical ex- 
amples and case studies. 

Components of Model 

The process model consists of three 
components that are sequentially cou- 
pled, i.e., a numerical heat flow model, 
a microstructure model and a mechani- 
cal model. The coupling between the 
different models is shown in Fig. 1. 
According to the assumptions, the im- 
posed temperature field influences both 
the microstructure evolution and the 
stress deformation field. At the same 
time, there is a link between the micro- 
structure model and the mechanical 
model to take into account the important 
effect of heat-affected zone softening on 
the strain relaxation during cooling. In 
practice, this occurs by local yielding 
within the high peak temperature regions 
of the HAZ. 

Problem Description 

Figure 2 summarizes the important 
metallurgical reactions to be modeled 
during welding of 6082-T6 aluminum 
alloys. It is evident from Fig. 2A that re- 
version of I]"-precipitates will occur to an 
increasing extent in the peak temperature 
range from 220-500°C (428-932°F). This 
is associated with a continuous decrease 
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Fig. I - -  Schematic diagram illustrating the coupling between the 
different submodels. 

Table 1 - -  Summary of Input Data Used in Computer Simulations 

Parameter Value Comments 

A 0 3.6 x 108 JK -2 tool -1 From Ref. 4 
HVma x 110 Measured 
HVmi n 42 Measured 
Qd 130 kJ/mol From Ref. 4 
Qs 30 kJ/mol From Ref. 4 
T c 673 K From Ref. 12 
Trl 648 K Chosen 
Tr2 623 K Chosen 
T s 793 K From Ref. 4 
trl 200 s Calibration parameter 
tr2 3 s Calibration parameter 
S u 0.56 From Ref. 4 

Table 2 - -  Composition of Aluminum Alloy 6082-T6 (wt-%) 

Element Si Mn Mg Fe Cr Cu ~ AI 

Content 0.82 0.59 0.56 0.20 0.17 0 .01  0 .01  bal. 

in the HAZ hardness until the dissolution 
process is completed. During cooling of 
the weld, some solute recombines to 
form coarse, metastable [[]'(Mg2Si) pre- 
cipitates that do not contr ibute to 
s t reng then ing-  Fig. 2B. However, close 
to the fusion boundary, a large fraction of 
al loying elements wi l l  remain in solid so- 
lution at the end of the thermal cycle, 
thereby giving condit ions for extensive 
age hardening at room temperature over 
a period of 5 to 7 days - -  Fig. 2C. 

Heat Flow Model 

The numerical 
code is based on the 
computer program 
ALSIM (Ref. 9). 
Briefly, the program 
solves the three- 
dimensional, time- 
dependent heat 
conduct ion equa- 
tion by a finite ele- 
ment technique. 
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Fig. 2 - -  Schematic diagrams showing the sequence of reactions occur- 
ring in the HAZ of 6082-T6 aluminum alloys; A - -  hardness distribution 
following/J"(MgzSi) dissolution; B --precipitat ion of  [3'(Mg2Si) during 
the weld cooling cycle; C - -  hardness distribution following prolonged 
room temperature aging. 
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Fig. 3 - -  Geometry of  hol low extrusion profile; A - -  details of  ele- 
ment mesh; B - -  cross section at the upper horizontal surface of  the ex- 
trusion at z = 0 showing the start position of  the weld. (All dimensions 
in ram.) 

Fig. 4 - -  Comparison between measured and predicted weld thermal 
cycles at two different locations. (All dimensions in ram.) A - -  Temper- 
ature-time pattern; B - -  positions of thermocouples within the hollow 
tube. 

The latent heat of fusion is included in the 
specific heat function between the 
solidus and liquidus temperatures, allow- 
ing alloys with a freezing range to be sim- 
ulated. The heat released by the welding 
arc is represented by an ellipsoid volume 
distributed source, where the heat distri- 
bution is calibrated against measure- 
ments of the weld pool geometry. To 
account for the metal deposition from the 
consumable electrode, elements that are 
part of the weld reinforcement are con- 
tinuously activated during welding at ma- 
terial points that coincide with the 

instantaneous position of the moving 
heat source. The boundary conditions are 
represented by heat transfer coefficients 
between the material and the environ- 
ment. The calculated temperature-time 
history for each material point is used as 
an input to a separate subroutine that cal- 
culates the corresponding fraction of 
hardening precipitates at each time step. 

Microstructure Models 

The microstructure models provide a 
mathematical description of the reaction 

sequence outlined in Fig. 2. Here, we 
summarize the main features of the mod- 
els (details have been reported elsewhere 
- -  Refs. 1, 4, 6, 8, 10). 

Reversion Model 

If the number of particles per unit vol- 
ume is constant, and the particle volume 
fraction fand radius r do not vary inde- 
pendently, reversion can be described by 
a single state variable f. Under such con- 
ditions simple diffusion theory shows 
that the volume fraction falls from its 
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Fig. 5 - -  Comparison between measured and predicted HAZ hardness profiles in different positions across the upper horizontal surface of the hol- 
low extrusion; A - -  along the x-axis at y = 18.5 mm and z = 0; B - -  along the x-axis at y =30 mm and z = 0. 

initial value f0 according to the equation 
(Refs. 4, 8) 

f / fo = l - [ ;  dt / t~] n' (1) 

where n] is a time exponent (< 0.5), and 
t~' is the time taken for complete particle 

dissolution at a given temperature, de- 
fined as (Refs. 4, 8) 

t [ = t r l e x p  R )(,T ~ (2) 

In Equation (2), trt denotes the time for 
complete particle dissolution at a chosen 
reference temperature Trt. Qs is the 
metastable solvus boundary enthalpy, Qd 
is the activation energy for diffusion of 
the less mobile constitutive atom of the 
precipitates and R is the universal gas 
constant. Because Equation (1) satisfies 
the additivity conditions pertaining to an 
isokinetic reaction, it can be integrated 
numerically over the actual weld thermal 
cycle in any position within the HAZ. 

Natural A~in~ Model 

By considering the form of the C curve 
for precipitation of nonhardening 13'- 
(Mg2Si) precipitates at dispersoids, and 
the subsequent natural aging kinetics, 
Myhr and Grong (Ref. 4) arrived at the 
following expression for the net precipi- 
tation increment, referred to the initial 
content of hardening phases in the peak 
aged base material: 

f * / f o = ~ I ( 1 - X c ) " - a l l  2 (3) 

where 

Ii = [ ; dt / t*2 ] n2. (4) 

In Equation (3) o h is a dimensionless 
strength parameter defined in Equation 
(6), while • is a proportionality constant. 
t* 2 denotes the time taken to precipitate 
a certain fraction (X = X c) of [3' at an 
arbitrary temperature, T. The variation of 
t* 2 with temperature is given by (Refs. 4, 
10) 

t~ = tr2 exp .T(Ts T) 2 

R L T 

where tr2 is the critical hold time re- 
quired to precipitate a certain fraction of 
[3'-Mg2Si at a chosen reference tempera- 
ture Tr2. T s is the phase boundary solvus 
temperature, and A 0 is a material con- 
stant related to the nucleation potency of 
the dispersoids with respect to L3'-Mg2Si. 

ResDonse Eauations 

The strength of 6XXX alloys is primar- 
ily determined by the density and size of 
the hardening ~"-(Mg2Si) precipitates. 
When the ~"-particles dissolve, the vol- 
ume fraction falls from its initial value fo 
according to Equation (1). The resulting 
change in the local strength level is cal- 

culated via the following response equa- 
tion, which can be obtained from simple 
dislocation theory (Refs. 1, 4): 

a 1 = ( H V  - H V m i n ) /  

(HVmax-HVmin)=f / fo (6) 

where HVmi n is the intrinsic matrix 
strength after complete particle dissolu- 
tion, while HVma x is the original base 
metal strength for the actual temper con- 
dition (e.g., artificially aged (T6) or natu- 
rally aged (T4) material). 

Similarly, Equation (3) yields the vol- 
ume fraction of hardening precipitates 
that form during natural aging (f*). After 
5-7 days natural aging, the correspond- 
ing net strength increment (0~2) c a n  be 
written as 

a2 = f* /  fo = ( H V  - HVmin) / 

(HVmax - HVmin). (7) 

CouDlin~ of Reversion and Aging Models 

Based on Equations (1) through (7), it 
is possible to calculate the HAZ strength 
distribution after welding and subse- 
quent natural aging when the weld ther- 
mal program is known. Since the 
resulting strength level in the partly re- 
verted region depends on the interplay 
between two competing processes (i.e., 
dissolution and reprecipitation), it is con- 
venient to define the "boundary" be- 
tween the models on the basis of the 
intersection point, where (z 1 = @2, i.e.: 
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H V  = HVrnin + (HVma x - HVmin)@ 1 

when a 1 _> ~z2; (8) 

H V  = HVmi n + (HVma x - HVmin)~ 2 

w h e n  @2 > @1- (9) 

It follows that this locus also defines the 
minimum HAZ strength level, which is 
an important parameter in engineering 
design. 

Mechanical Model 

In the present investigation, a special 
numerical code, originally developed for 
prediction of strains and stresses during 
direct chill (DC) casting of aluminium 
(Reg. 11, 12), has been adopted for the 
weld simulation with minor modifica- 
tions. The model assumes isotropic elas- 
tic-viscoplastic behavior where the well 

known PrandtI-Reuss relations are ap- 
plied to calculate the viscoplastic strain 
increments. 

The relationship between flow stress 
G, temperature T, the strain hardening pa- 
rameter ~ and the effective viscoplastic 
strain rate ~p is given by the following re- 
sponse equation (Ref. 12), which in the 
present case has been modified to incor- 
porate the effect of microstructure evolu- 
tion via a separate A(f / f  o) term: 

n(T)" - ,re(T) 
o 

If the temperature is below a certain crit- 
ical value, T c, the evolution of the hard- 
ening parameter is calculated from 
viscoplastic strain increments as follows: 

de; = d~p. (11) 

Similarly, at higher temperatures, we 
have 

d~=0.  (12) 

The assumption of pure creep above Tcis 
based on experience with a similar alloy 
in the as-cast condition (Ref. 13). Equa- 
tion (10) provides an adequate descrip- 
tion of the true stress-strain behavior 
within the HAZ during welding. How- 
ever, since this relation is empirical and 
based on a limited amount of experi- 
mental data, attempts are currently being 
made to obtain a sounder physical basis 
for the microstructure coupling. 

Note the mechanical model does not 
include a consideration of the liquid 
metal pool. This means that each element 
in the weld pool first becomes mechani- 
cally activated when the temperature 
drops below the dendrite coherency tem- 
perature of the material. 

Numerical Examples 
and Case Studies 

The dissolution, aging and mechani- 
cal models have been implemented in a 
dedicated FE code for prediction of the 
HAZ hardness distribution and the re- 
sulting stress-strain response. The calcu- 
lated temperature-time history for each 
material point is used as an input to a sep- 
arate subroutine that calculates the cor- 
responding fraction of hardening 
precipitates, f, at each time step. The state 
variable f is, in turn, input to the me- 
chanical model, which calculates the 
stress and strain evolution. The different 
input data used in the simulations are 
summarized in Table 1. 

Experimental Program 

As an illustration of principles, the pro- 
cess model is applied to welding of a 
structural component for automotive ap- 
plications. The component consists of 
two identical rectangular tubes of the 
alloy AA6082-T6 with composition as 
shown in Table 2. The dimensions are 
60 x 40 mm with 3-mm wall thickness, 
where the butt end of one tube is welded 
against the flat side of the other using fully 
automatic GMA-we ld ing -  Fig. 3A. The 
weld deposition was carried out along the 
circumference of the tube in one pass at 
a constant speed of 12 mm/s, as shown in 
Fig. 3B. The net arc power was kept con- 
stant and equal to 2.38 kW for the first half 
of the weld (assuming an arc efficiency of 
0.78) and was then reduced to 2.24 kW 
for the remaining part of the weld to avoid 
full penetration. The thermal model was 
validated by comparison with in situ ther- 
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mocouple measurements. Moreover, a 
series of hardness measurements was car- 
ried out across the weld HAZ after seven 
days of room temperature aging to check 
the accuracy of the microstructure model. 
The hardness impressions within the ver- 
tical tube walls were done after the tube 
had been sectioned along the circumfer- 
ence of the weld. 

Temperature and Hardness Distribution 

Figure 4 shows a comparison between 
calculated and measured thermal cycles 
at different positions within the HAZ. It is 
evident that the numerical heat-flow 
model adequately predicts the HAZ tem- 
perature-time pattern, including the sec- 
ondary reheating that takes place due to 
overlap of temperature fields from differ- 
ent weld regions. 

Figure 5 shows a comparison between 
predicted and measured hardness values 
in different surface positions of the hori- 
zontal tube. In general, the predictive 
power of the model is good, and it is also 
able to reproduce the observed asymme- 
try in the hardness distribution resulting 
from a corresponding asymmetry in the 
temperature distribution. The important 
effect of heat-flow conditions is further il- 
lustrated in Fig. 6, which shows plots of the 
peak temperature distribution and the cor- 
responding hardness contours across the 
upper horizontal surface of the weld HAZ. 

Residual Stresses and Distortions 

In addition to the real welding situa- 
tion (case A) described above, two other 
simulations were carried out. In the sec- 
ond simulation (case B), the welding 
sequence was changed. In a third simula- 
tion (case C), the mechanical model was 
fully decoupled from the microstructure 
model by omitting the term A(f/f o) from 
the equation governing the viscoplastic 
flow (i.e., Equation 10). Under such con- 
ditions, the flow stress will be a unique 
function of temperature for fixed values of 

and ¢, as shown in Fig. 7. 
Figure 8A, B and C show the calcu- 

lated normal stress component along the 
tube axis (i.e., xx-component) of the 
residual stresses near the upper surface of 
the horizontal tube. As can be seen, the 
stress distribution is strongly dependent 
on the welding sequence. At the same 
time, much higher residual stresses are 
generated if the HAZ softening due to 
particle dissolution is neglected in the 
calculations. This observation is not 
surprising, considering the important 
effect of matrix yielding on the stress 
relaxation. 

A similar dependency on welding se- 
quence and microstructure evolution is 
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shown in Fig. 9 for the global distortions 
at the center of the side wall of the hori- 
zontal tube. These results are interesting 
from both an academic and practical 
point of view since they illustrate in a 
quantitative manner how process model- 
ing can be used as a tool to minimize 
damage caused by welding. 

C o n c l u s i o n s  

The basic conclusions that can be 
drawn from the present work are the 
following: 

1) A process model for welding of 
age hardening aluminium alloys has 
been developed. The model consists of 
three components, i.e., a numerical heat 
flow model, a microstructure model and 
a mechanical model that are sequentially 
coupled. 

2) In general, the microstructure evo- 
lution and the deformation fields can be 
captured mathematically in terms of dif- 
ferential variations of some state variables 
with time for each of the relevant mecha- 
nisms. Separate response equations are 
then developed to convert the current val- 
ues of the state variables into measurable 
quantities, such as hardness, yield 
strength and accumulated stress or strain. 

3) By implementing the different com- 
ponents of the model in a dedicated FE 
code, welding of complex geometries 
(e.g., hollow extrusions and T-joints) can 
be simulated. A comparison between 
theory and experiments shows the process 
model adequately predicts both the HAZ 
temperature and strength distribution. 

4) Indications are that local softening 
occurring during welding has a sig- 
nificant effect on the resulting residual 
stress field and global distortions. 
Consequently, to improve the confidence 

in the simulations, due consideration 
should be given to the HAZ microstruc- 
ture evolution. 
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L i s t  o f  S y m b o l s  

A Dimensionless function in 
mechanical model. 

A 0 Material constant for nucleation of 
~'-(Mg2Si) in aluminium (J/K2mol). 

@1, °~2 Dimensionless strength parameters. 
~.p Effective viscoplastic strain. 
~p Effective viscoplastic strain rate 

(l/s). 
F Temperature dependent function 

in mechanical model (MPa). 
f Volume fraction of precipitates. 
fo Initial volume fraction of 

precipitates. 
f* Volume fraction of hardening 

precipitates in natural aging 
model. 
Strain hardening parameter in 
mechanical model• 

~0 Initial value of strain 
hardening parameter. 

HV Hardness (VHN). 
HVma x Base metal hardness (VHN). 
HVmi n Intrinsic matrix hardness in ab- 

sence of hardening precipitates 
(VHN). 

h Heat transfer coefficient between 
workpiece and backing plate 
(W/m2K). 

11 Kinetic strength of thermal cycle 
with respect to [3' precipitation. 

m, n Temperature dependent expo- 
nents in mechanical model. 

Qd Activation energy for diffusion 
(J/tool). 

Qs Solvus boundary enthalpy (J/mol). 
R Universal gas constant (8,314 

J/mol K). 
t Time (s). 
t{ Time taken to dissolve a certain 

fraction of the precipitates at an 
arbitrary temperature (s). 

t~ Time taken to precipitate a cer- 
tain fraction of 13'-particles at an 
arbitrary temperature. 

trl Time for complete particle dis- 
solution at T r in dissolution 
model (s). 

tr2 Critical hold time required to 
precipitate a certain fraction of [[3' 
(Mg2Si) at T r (s). 

T Temperature (K). 
Tc Critical temperature for strain 

hardening (K). 
Trl Chosen reference temperature 

for dissolution of [3"(Mg2Si) (K). 
Tr2 Chosen reference temperature 

for precipitation of i]'(Mg2Si) (K). 
T s Phase boundary solvus tempera- 

ture (K). 
Xc Fraction I]'(Mg2Si) precipitated 

during tr2 at the temperature Tr2. 
'~' Material constant in aging model. 
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