cmii i;x;%s,,n‘sg of a%m@zaﬁmm
critical because of the
op eithe %féi tears

particularly

(}f some aEE(}}’S 1o deve

gure § sh{mn a g&km faéé;;zg shect ingot: two hot
tears initiated during the starting phase aﬁ" sting have
egrown up as the ingot was further cast. For some very
sensitive alloys, up to 10 % of the ingots present some
cracks and have to be remelted.

. Hot tearing

i the mushy zone, two major defects related to
can be encountered : ;}()?{*sé‘éy and E}f‘s tears. As §?J§3”§§u?
out clearly by Campbell [1], the first defect is associated

with a hydrostatic éza;ﬁ@h&%ix}ﬁ in z%zi, mushy zone
combined with segregation of gaseous solute elements

(hydrogen, nitrogen, carbon monoxide). This depression
is associated with the suction of the liquid in the porous
dendritic region. The models developed for the
prediction f‘af microporosity  formation are therefore
based on the solution of the Darcy equation coupled with
1 mass balance and a microse gm%zé{mz wodel of gaseous
elements [2]. ?%} formation of hot tears is also linked 10
a lack of feeding in the mushy zone, but for
ons w &,s the aﬁim‘;éféiég network 15 subjected fo
uniaxial ten 2sses [3-5]. These stresses are induced
thermal contraction a;?;zaez cooling and
the development of h

[ m

network is cohere

t {6], it can

sustain, and as a matter of fact a%w transmit, the
stresses. Abow ency temperature, the thin

e the cohe
flm of liguid sull present %ez between the dendrite armg
bu ves like a “brittle” phase: the dendrites are pul
apart easily. If the interdendritic liguid flow can feed
such regions, almost nothing is noticed except maybe
for some local inverse segregation {“’“z&%@d" hot tears)
{”?E_ However, deep in the mushy zone where the
ermeability of the mush is very small, an opening of
if"se.z non-coherent dendritic network cannot be
compensated by the liquid and hot tears form. Due to
the complexity of the mechanisms involved in hot
formation, the models developed so far are
! i nost of them being based upon the
consideration of the solidification éé’zzéfs”vai (71 the
larger the solidification interval o ¢ e

f
bw 1o h@? *ics{ mazi

i&r‘z"iﬁ
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| have recognised that hot cracking
mus % Yy zone in a

Clyne and Davies | c
was due to an opening ¢ ;i the

pulled aj y. They introduced a Cracking
Sensitivity Coefficient (CSC) which is the ratio t/1,
where ty is the time during which the mushy zone is

vulnerable to hot tearing {{}.QE < < 0.1, where 1, is the

liquid fraction) and ty is e éasfs%{r which stres

ed (0.1 <

can be relax

in order to predict the occurrence of hot tears in a
solidifying part, a hot tearing criterion based on the
ability of the interdendritic flow of liquid to
compensate for the thermally induced deformation of
the roots of columnar dendrites has been recently
derived by iiggﬁpa" et al. [6]. Based upon a mass
balance performed over the liquid and solid phases, this
on accounts for the tensile deformation

of the
cton perpendicularly to the growing columnar
dendrites and for feeding of the interdendritic ligquid: it
allows the calculation of the maximum strain rate that
the roots of the dendrites can iiﬁé@%‘gé} without initiation
and/or propagation of hot tears. '

Crit
solid sk

Fig 1: cracked rolling shect ingot.

A new hot ?5?@5??’5%” criterion
Under a given thermal gradiemt,
solidification rate, v dendritic

G, and for a constant
network is submitted

i, if the

o a ié‘;s;*gmsézménéﬁgssﬁ fensile deformation rate, €, the

-

flow of interdendritic liquid should also compensate for
that deformation if no hot tears form. The pressure in the
interdendritic liguid will therefore decrease from the

metallostatic pressure, p_, near the dendrite tips. If th

pressure falls below a cavitation gffgssuzs p.,a xw? wiil
the

and may give
iterion for hot teard

Apmax 2 Ape = pm - Pe
ion in the mush has two compos
to the solidification ~,§wsk
straining

hanical




Rappaz et al. [6] have derived these two components
using the Carman-Kozeny model for the permeability
and the back-diffusion Brody-Flemmings model for the
relationship between the solid volume fraction, f, and
the temperature, T:

A= Bp. + by = 1AL [ gy, (L4 FIBERT, |
G4 L G |
Tig = T 2
it A= Jodl -] f5 stlgﬁ"
5y U-£F A 0-7)
) A -
and Fsif}wwj £.dr )
AT,

In these equations, Ty, is the liquidus temperature of
the alloy and T.. is the temperature at which
interdendritic bridging occurs (i.e., coalescence of the
dendrites) or the eutectic temperature if more than a
given amount of eutectic has formed. p and § are the
viscosity of the liquid and the shrinkage factor,
respectively. X, is the secondary dendrite arm spacing.
Combining equations 1 and 2 gives the maximum strain
rate sustainable by the mushy zone at the root of the
dendrites before a hot tear forms:

g < gwaﬁ %»Ls"‘%ga}v;’iﬁ:é?{:} {3}

Please, note that once a hot tear has formed (£ > £™)

¥

it will propagate as long as the deformation rate
remains higher than the maximum value.

Application to the Al-Cu system
The hot cracking sensitivity (HCS) index, proportional fo
1/8™, has been computed as a function of the solute

content for a binary Al-Cu alloy using the parameters
listed in Table 1. It is compared in ﬁgﬁf& 2 with the
measurements of Spittle and Cushway for different
compositions of non grain-refined Al-Cu alloys [8]. These
authors measured the electrical resistance afier casting the
alloy into dog-bone shaped cylindrical moulds and
converted this value into a hot i:rgcm% sensitiv ii:v index
varying from 0 to 1 [8]. Also reported in figure 2 are the
criterion of Clyne and Davies [7] based on the time spent
by the mushy zone in a vulnerable stage and the
solidification interval calculated with the Brody-Flemings
model. To compute the criterion of Clyne and Davies and
the present one, interdendritic bridging was assumed to
occur at a solid fraction higher than 98% (T
T(£=98%)) or when the eutectic ismp%r&im’e has been
reached.

H 10°3 Pas Ape | 2kPa | G | ot Eym

,.

"m"h

8.06 A

100 am Vr 1 @43; 1/

Table 1: list of parameters used in the caleulations of figure 2.

The “A curve”, typical of hot tearing in binary systems,
is well reproduced by the present criterion: the rapid
increase at very low solute content and the maximum at

sotidification
interval

the present criterk

~~~~~ Clyne and Daviz

criterion

[236] AN TORESGIDIOS.

Hot tearing susceptibility [-]

B Spittle and Cushw
messurementy

o b ‘ s

¢ i 2 3 4 5
Alloy composiion [wipet]

Figure 2. calculated hot tearing susceptibility a5 a function of alloy
composition (Al-Cu system) compared with measured gquantities.

a composition around 1.4 wt. pet Cu predicted by the
criterion are in relatively good agreement with the
measurements of Spittle and Cushway. One can see
that the maximum in hot tearing sasseg}tibzm:} is very
close to the maximum of the solidification interval, as
pointed out by Campbell [1]. The decrease of the
susceptibility past the maximum is somewhat too steep
although the vanishing of the hot tearing tendency at
compositions higher than 3 % is well reproduced. On
the other hand, the criterion of Clyne and Davies yields
a too wide “ A curve” and overestimates the HCS
values as compared with experiments, especially at
high concentrations. The model based simply on the
solidification interval predicts an even slower decrease.
It should be pointed out that the fraction at which
interdendritic bridging is assumed to occur, 98 %, has a
great influence on the position of the peak of the “ A
curve”: the higher this fraction, the lower the
concentration at maximum susceptibility index.

The cavitation depression was set to 2 kPa in the present
calculation: it is an unknown key value of the model but
nevertheless it is relatively close to the depressione
computed by Ampuero et al. [2] for microporosity
formation. It is also of the order of magnitude of the
value of 1 kPa found by Drezet and Rappaz [4].

Conclusion

The new hot tearing criterion proposed here combines
the capability of the mushy zone to sustain tensile
deformation rate with the ability of the interdendritic
liquid to feed the induced local change of volume at the
root of columnar dendrites. This criterion reproduces
the A curve typical of hot tearing in a better way than
previous models. Eventually, when implemented in
thermo-mechanical models of casting processes, the
present hot tearing function should be very helpful in
optimising the casting processes by diminishing the
cracking tendency.

Contact: drezet@epil.ch

The references of this article are on page 13.
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