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ABSTRACT The techniques of TIG and laser beam welding were used to produce autogenous
welds for an Al-Cu-Mg alloy. Composition profiles were measured across the dendrite side arms
which followed a Scheil type segregation behaviour, in which there is negligible back diffusion in
the solid. The core concentrations of the dendrite side arms were more than twice that predicted by
the equilibrium phase diagram and, for the TIG welds, were found to increase with welding speed.
In contrast, core concentrations for the laser welds appeared to be independent of the welding
speed. The increase in core composition in the side arms was related to the formation of significant
undercoolings ahead of the primary dendrite tip, which enriched the liquid surrounding the dendrite

side arms.
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1. INTRODUCTION

In welding processes such as TIG and laser beam, a good understanding of how the weld
microstructure and adjacent heat affected zones (HAZs) form is required if the optimum
performance of the alloy is to be achieved [1-3]. This is particularly important for the welding of
age hardenable aluminium alloys, such as AA2000 and AA7000 series, as the severe thermal cycles
that occur in welding can induce a variety of complex metallurgical reactions in the parent metal
[4,5].

Whilst the development of grain structures in Al alloy TIG welds is relatively well understood
[2,6], little research has been published on the grain structures formed in Al alloy laser welds.
Furthermore there has only been a limited number of studies concerning the microsegregation
behaviour within grains of Al alloy welds in general. An understanding of the redistribution of
solute during the solidification of the weld metal is particularly important in heat treatable alloys,
such as AA2024, as the weld metal strength will depend on the solute supersaturation, which
determines the subsequent ageing response and yield strength. It is equally important to be able to
predict the macroscopic grain structure, dendrite arm spacing within the grains, and the volume
fraction of eutectic formed, which will dominate the toughness and ductility. A number of workers
have established that a relatively simple approach, based on estimating the cooling rate, can be used
to reliably predict the dendrite arm spacings in simple model aluminium alloys [7], but it is only
recently that this has been attempted with more complex alloys of near commercial composition [2].
Furthermore, there is only limited experimental data available in the literature comparing
measurements of solute profiles across dendrites in welds, to models of solute redistribution [1,8].
Conflicting results exist between measured solute profiles with some workers reporting a Scheil
behaviour [9], where there is effectively no diffusion in the solid phase, and other profiles based on
the model of Brody and Flemings [10], where there is limited back diffusion in the solid.

In this paper a series of autogenous welds were produced using both TIG and laser beam
welding of the commercial aluminium alloy AA2024. This allowed a wide range of welding speeds
and power inputs to be considered. The welds were characterised using optical metallography to
reveal the different macroscopic grain structures, produced with the different welding conditions.
Transmission Electron Microscopy (TEM) was used to measure the effect of each welding process
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on the segregation behaviour of the major alloying element in AA20?4 and the results are compar,
to existing models for the prediction of microsegregation behaviour in welds.

2. EXPERIMENTAL |

The commercial aluminium alloy AA2024 (Al - 4.4 wt.% Cu - 1.5 wt.% Mg - 0.8 wt.% Mn + I
and Si impurities) was TIG and laser beam welded using the conditions given in Table 1. The Sh‘fi’
thickness was 1.6 mm and a simple butt geometry was used for each experlment.. For the TI(
welds, the speeds considered were in the range 0.7 to 2.5 cm s, and as the vyeldlng speed Wi
increased, the welding current was also increased to just maintain full penetratllon. Eqr the las;
welding, a YAG laser was used to produce welds in the range 3.3 to 10 cm s™ requiring a lasg
power of between 2 and 4 kW to achieve full penetration. After welding, each sample W
sectioned, mounted and examined using conventional optical metallography. Sample_sl for .TE}‘
examination were prepared from the welds by punching 3 mm discs from different positions in th:
weld sample. The discs were ground to a thickness of ~ 100 pm and jet-polished using a solution
30 vol.% Nitric Acid in Methanol at ~30°C and 12 V. The foils were examined in a Philips CM;\‘T 0
analytical TEM operated at 200 kV. Quantitative EDX analysis was used to measure the solu:
profiles in several dendrite side arms for each welding speed.

Table 1: Welding conditions and calculated values of power input and thermal gradient (Gy).

Welding Slpced Current (TIG) Power Gi, GL/R GLR
el ) W) (K cm™) (Ks™)
0.7 100 630° 7.42° 10.0 519
13 | 130 810° 8.15° 6.0 1059
L. 18 | 160 1008° 78T 4.1 1495
— R 190 1197° 734° 2.9 1835
3.3 - 2000 25.1° 7.6 8283
I - 3000 36.0° 5.45 23760
10.0 ; 4000 41.0° 4.1 41000

\.
“calculated from Q=
be 0.70 [11], Yestim
model in Ref [3].

NIV where Q is the total heat input, V is the welding voltage, a_nd 7 is taken
ated from the Rosenthal thin plate solution [2], calculated using the therm:

3. RESULTS AND DISCUSSION

3.1 Microstructural Observations

In an earlier pa
in the fusion zone
fusion zone consis
direction of the h
the fusion zone

per [2], we reported observations on the macroscopic grain structures that occy
of autogenous AA2024 TIG welds. At low welding speeds and power inputs, the
ted of columnar-dendritic grains, which grew along the centre of the weld _in the
eat source, whereas at high welding speeds and power inputs, the central region v
Wwas replaced with an equiaxed-dendritic structure with an average grain size Of
250 pm (Fig. 1a). For the laser welds, equiaxed-dendritic grain structures were observed along i
weld centreline which prevailed throughout the length of the welds for the complete range o
welding conditions examined (Fig. 1b). In the laser welds, the average grain size along the wel
centreline was ~ 100 um.

The transition from columnar to equiaxed grains in TIG welding has been observed by a num‘c‘.
of researchers [2,4,6]. The formation of an equiaxed region in the centre of the weld can b
expected, providing the combination of correct thermal conditions for the nucleation and gro‘wm of
new grains (an undercooled region ahead of the solid/liquid interface), and the presence of stabl
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nuclei in the liquid. The stable nuclei are thought arise from a combination of dendrite or grain
fragments which survive in the undercooled region of the melt pool, and TiB; particles which are
present in the original base alloy to control the grain structure during casting [2]. As the welding
speed is increased, significant undercoolings can develop in the liquid ahead of the growing
columnar front. This allows the nuclei present in the weld pool to grow into new grains and block
the advancing columnar front [12]. The values of thermal gradient (GL) and growth rate (R) have
been calculated for both the TIG and laser beam welded samples, at the trailing edge of the weld
pool along the weld centreline (Table 1). For this position in the weld pool, the values of G, and R
are quite different for the two processing techniques. However, at high welding speeds the ratio of
Gi/R for the two techniques are in a similar range, suggesting that the formation of equiaxed grains
should be favoured in both welding processes, as can be seen in Figure 1.

Although the calculated Gi/R ratios are very similar for the two welding processes considered in
this work, this will not be the case for the product of the components, namely the cooling rate (e =
GL.R). For TIG welds, dendrite arm spacings between 3 and 6 pum were measured for the range of
welding speeds, along the weld centreline. In contrast to this, the dendrite spacings measured in the
laser welds are much finer, varying from 2.4 um for the slowest welding speed (3.3 cm sHto 1.6
um for the highest speed (10.0 cm s™). The dendrite secondary arm spacing can be estimated using
the simple expression, A, = a(G_R)™, where a and n are constants whose values depends on the
alloy system. The values of a = 50 and n = -'/3 have been used to successfully predict the secondary
arm spacing in binary Al-Cu alloys, for cooling rates in a similar range to those considered in this
work (i.e., 1to 10°K s [7]). Using these values, the calculated secondary arm spacings are plotted
in Fig. 1c together with the measured spacings, taken from the weld centreline. Fig. lc shows that
as the welding speed is increased, both the measured and calculated secondary arm spacings
decrease, and that there is good agreement between the measured and calculated values over the
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Figure 1: Examples of equiaxed grain structures found in 2024 autogenouls welds. (a) TIG we{d,
speed = 2.5 cm s, and (b) Laser weld, speed = 10.0 cm s~ (c) plot of dendrite
secondary arm spacing vs. welding speed.

3.2 Microsegregation Behaviour

TEM was used to study the segregation behaviour of the major alloying element in 202.4, namely
Cu, for the different welding techniques (although Mg is also a major alloying element in 2024, it
could not be reliably analysed due to the overlap with the Al Kq« peak). Solute profiles were
produced across many individual dendrite side arms for both TIG and laser welded sampl.es,
Details of the analysis procedure are given in [2]. Fig. 2a shows that the lowest Cu concentrat!on
always occurs in the centre of the dendrite arm (TIG and laser beam) and that the Cu concentration
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incre@seS towards the interdendritic boundary. These results demonstrate that the segregat!
bf}hav.lour_ Is more similar to the scenario envisaged by Scheil [9], where there is negligible bz
diffusion in the solid, rather than that expected by the Brody and Fleming model [10]. The initi;,

transient in solute content predicted by Brody and Flemings was not observed.
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gure 2:  (a) Plot showing the variation in Cu concentration across dendrite side arms [
different welding processes (M - 0.7 cm s (T1G), A - 1.3 cm 'l (TIG), @ - 6.6 cnt

(Laser)) . (b) plot of minimum Cu concentration vs. welding speed.

5 gii"\}:nsbch-eg eﬂuation fork_slolute partitipning (which best r'e.presents. the tfepc_is shown in our pr
£ i the f};;xct's & Cgk(l-.fs) , where Cs is the solid composition, Cq is the initial alloy composition
BN tl}:)rl oh soh.d and k is thef ;.)ampon COt::ﬁ'l(.‘,lent. The ‘Schell .eqL}atlon is bg;ed on the
equilibprium at t'] ere is complet'e mixing in the liquid state (u'mform' h.quld cgmposmop), locs
Wheth prevails at the. so‘hd/hqmd interface, and that there is negligible solid-state diffusic:

ether or not there is a significant contribution of solid state diffusion to the solute redistributio:
Process can b'e estimated from the dimensionless parameter [10]; o = (Dstd)/A2%, where Ds is th
solid diffusivity of the solute and t is the local time of freezing. For the welds produced in th:
work, t_l;e values (‘)1f tr are in the range 0.01 to 0.2 secs. which produces an o parameter in the rang
2.4x10 to .1><10' - As it can be shown that solid state diffusion during freezing only begins |
become. an important factor in the solute redistribution process for values of oo > 0.1 [10], th
composition profiles measured in this work should fall close to the prediction of the Sche!
equation.

The effffCt of welding speed on the core composition of the dendrite side arm was investigated !
more detail by analysing the centre of several side arms for each welding speed (TIG and las:
beam). /_\s there are significant problems associated with the random sectioning of dendrite sid:
;Emsz‘z)u;lng the preparation of TEM thin foils, the minimum observed concentration is plotted
de%\.drit or the two wg!dmg techniques. The data in Fig. .2b' shows that, fgr 'the TIG samples, '
laser WZIZOTG }(;Omposmon increases as the weld%ng speed is increased. "l"hl.s is not the case for the
Th § where the measured core concentrations show almost no variation with welding spee!

e reasoqs for this behaviour are explained in more detail below.

Accorqlng to the Scheil equation, the starting solid composition (Cs) is given by the product ¢
Coand k, i.e. for an alloy composition of 4.46 wt.% Cu, a core composition of 0.76 wt.% Cu shoul
be pr.oduced', which is much less that that observed experimentally in Fig. 2b. Furthermore, tl
Sc}}ell €quation suggests that the starting composition should be independent of the welding spet
which is clearly not the case. Similar experimental observations have been made by Brookes an
Baskes [8] who studied GTA binary Al-Cu welds containing between 1 and 2 wt.% Cu (much low«
than the compositions studied here). They also observed core concentrations between 2C.k @
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3C,k, at similar speeds, which is in good agreement with the core concentrations measured in this
work.

A possible solute profile for the growth of
dendrites is shown schematically in Fig. 3. In this
figure, the composition in the bulk of the liquid is
given by Co. It is possible that for the range of
welding speeds considered in this work, significant
undercoolings can be achieved at the primary
dendrite tip which will enrich the liquid ahead of
the tip (i.e., produce the composition of C; in Fig.
3). Microstructural observations have shown that
a significant volume fraction of eutectic phases are
Volume Element formed in the mushy zone at the end of
solidification, i.e. at the root of the dendrites in the
' interdendritic regions. This suggests that in the
interdendritic regions, the solute profile will
change as it moves through the mushy zone, from
C, to Cg, the eutectic composition - as shown in
Fig. 3. Therefore in the regions where the
secondary arms form, the local liquid composition
is enriched with solute to a level somewhere
between C, and Cg, i.e. the core concentration of
the dendrite side arm will be given by k(C; + AC),
where AC depends on the relative distance back
from the tip where the secondary arms form (of
the order of 2 to 3 secondary arm spacings [10]).

In recent years, models have been developed which allow the tip undercooling to be estimated
for different growth conditions. For example, Burden and Hunt [13], derived an expression for tip
undercooling as a function of the growth velocity, thermal gradient and tip radius. To obtain a
unique solution, Burden and Hunt used the criteria that the dendrite always grows at the minimum
undercooling.  More recently, Kurz and Fisher [14] have pointed out that the minimum
undercooling criteria underestimates the change in tip temperature, and have instead, used the
criteria that the tip radius is equal to the wavelength of instability of the interface. In both
approaches, the tip temperature is dominated by the growth velocity, rather than the thermal
gradient, when the growth velocities are high (> 10? cm s'l). Both approaches show that the tip
undercooling starts to rapidly increase at velocities of ~ 1 cm s although the Kurz and Fisher
model predicts that this will occur at a greater rate. This variation in tip undercooling has been
translated to a core composition for the growth of primary dendrites in a binary Al - 4.46 wt.% Cu
alloy, and the data is shown in Fig. 2b together with the measured values for the secondary arms.

By assuming that the primary tip velocity is the same as the welding speed, the model of Kurz
and Fisher demonstrates that as the welding speed is increased, so the primary tip concentration also
increases, i.e. in agreement with the trends of this work. However the measured and predicted
values deviate significantly at high welding speeds, particularly for the laser welds. Clearly, the
assumption that the primary tip grows at the same velocity as the welding speed is only realistic
when a directional columnar solid/liquid interface is observed, i.e. for axial grain structures. For
equiaxed growth (observed in all laser weld samples), it is likely that the tip velocity will not equal
the welding speed, but in fact be at a somewhat lower value. Therefore it is possible that for the
laser welding samples, where severe turbulence is experienced in the weld pool, the growth velocity
of the equiaxed grains is largely independent of the welding speed, and gives rise to the plateau seen
in Fig. 2b.

5

Figure 3: Schematic diagram illustrating a
possible solute profile for the
growth of dendrites.
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In the above analysis, an argument not considered is that the increase in core comp(:_smor}lc]); t:;",
secondary arms is attributed to the undercoolings developed at the _sepond}z:ry arm ;};.in it
velocity for a growing secondary arm can be crudely estimated by dividing the arm spacing by

local freezing time. For the welds examined in this work, this translates to lé} growth rate of ~ 10°
cm s, which if applied to the primary tip model, gives a negligible undercooling.

4

1.

. CONCLUSIONS

1 i 1 £ Qy
Composition profiles were measured in the TEM which showed that the microsegregation o

iIn TIG and laser welds followed the behaviour envisaged by Scheil, with negligible bac
diffusion occurring in the solid.

- For TIG welding, the core concentration of the dendrite side arms increased with welding spe

P L . t '5 Was
and were more than twice that predicted by the equilibrium pha}se dlagral;n. ngever, hi
not the case for the laser welds where a plateau of Cu concentration was observed.

. ; erloar ’ i ignifican
- The increase in core composition in the side arms was related to the formation of sig

undercoolings ahead of the primary dendrite tip, which enriched the liquid surrounding th:
dendrite side arms,

- For the highest welding speeds, equiaxed grain structures were observed, which limited th

growth velocity of the primary dendrite tip.
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