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Direct Chill casting has been the mainstream of aluminum industry mainly due to its robust nature
and high productivity. The casting problems however still affect the final quality of ingots. Large
residual thermal stresses formed during casting at different locations of ingots and their sudden
release on cast imperfections result in a catastrophic phenomenon called cold cracking. Residual
thermal stresses may be troublesome especially below some critical temperatures where as-cast high
strength aluminum alloys become extremely brittle. Thus, development of a criterion that predicts the
onset of catastrophic failure would be of great benefit to the aluminum industry. This might be
achieved in principle by applying the constitutive parameters as well as plane strain fracture
toughness of a typical 7xxx series aluminum alloy in the genuine as-cast condition to
thermo-mechanical simulations. Current research work presents the results of thermomechanical
simulations on an AA7050 alloy. Contour maps of the residual thermal stresses and the consequent
critical crack sizes reveal the locations and the stages where DC-cast billets are more prone to
catastrophic failure. For round billets in the steady state regime, the critical locations appear to be the
water impingement zone and the center of the billet.
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1. Introduction

In spite of all technical improvements and developments in aluminum industry, ingots of high
strength aluminum alloys still suffer from cracking and failure. The cracking may occur above solidus
temperature when the major fraction of inter-dendritic spaces is covered by low melting point
nonequilibrium eutectics and result in hot cracks [1]. It can also occur below solidus or at
temperatures near room temperature where the material is extremely brittle, and lead to cold cracking
[2]. It is not well understood whether cold cracks are the hot cracks that catastrophically propagate
when reaching the critical length or they just occur when the elastic strain energy of the system
releases abruptly on voids or brittle intermetallics. Therefore separate criteria for hot [3-6] and cold
cracking [7-10] have been established. Criteria developed on cold cracking can be classified in two
groups: experiment based criteria [7,8] and computer simulation based criteria [9,10]. Experimentally
derived criteria have been based on the results of numerous cast trials under various casting
conditions and ingot geometries. Livanov [7] e.g., noticed that to prevent hot cracks in slabs the cast
speed should be lowered while he advised higher cast speeds to avoid cold cracks. Experimentally
derived equations and graphs could eventually indicate the proper cast speed for the corresponding
slab thickness, although casting of slabs thicker than a certain value appeared not to be feasible
(probably due to the mold design available at that time). Computer simulation criteria on the other
hand are more physically based and deal with the fracture mechanics concepts. According to the
fracture mechanics, catastrophic failure occurs when a crack or flaw reaches a critical length in the
presence of a tensile stress field. Normal stress values can be obtained through thermomechanical
simulation of the DC casting process, and plane strain fracture toughness (Ki.) values may be
measured experimentally for the alloy under consideration. By application of fracture mechanics, the
critical crack size leading to catastrophic failure can be calculated with right selection of the crack



728

geometry [9,10]. Results may be more realistic provided that the constitutive parameters as well as
the K. values are obtained from the material in the genuine as-cast condition [11,12]. In the present
article, the results of thermomechanical simulations for an AA7050 alloy are reported. Using the
computer simulated values of the maximum principal stress and application of K. values from room
temperature to 200°C, the critical crack sizes were calculated for the billets cast at two different
speeds and the contour maps are presented.

2. Presentation of the model

ALSIMS was used for the computation of temperature profile and stress/strain fields in the round
AAT7050 billet. The description of the model can be found elsewhere [13-15]. Geometry of the setup
consisted of hot top, mold, water jet, bottom block, and the cast domain. New elements with the size
of 0.75 mm are added to the geometry at the casting speed to simulate the continuous casting
conditions. So during casting the bottom block moves downwards while new elements are added to
the system, and the mold, hot top and molten metal preserve their initial position. Due to axial
symmetry, only half of the billet is considered. Time dependent thermal boundary conditions are
defined to account for filling time, the air gap formation between the billet and the bottom block as
well as at the billet surface, and for different heat extraction in different parts of the casting system
[16]. The process parameters are mentioned in Table 1.

Tablel. Description of casting process parameters. Second values correspond to the billet cast at 2 mm/s.

Process parameter Value

Ingot diameter (mm) 200
Final length of the billet (mm) 380 and 400
Casting speed (mm/s) 1 and 2
Melt temperature (°C) 680
Water flow rate (I/min) 80, 200
Water temperature (°C) 15
Start temperature of bottom block (°C) 20

Thermal as well as fluid properties of the alloy were gained from the thermodynamics database
JMat-Pro provided by Corus-Netherlands (IJmuiden). The temperature dependence of the coefficient
of thermal expansion, specific heat, heat conductivity, fraction solid, density and kinematic viscosity
were extracted and embedded in the model. The solidification range as well as the liquidus and the
non-equilibrium solidus were determined using DSC tests. Tensile mechanical properties and
constitutive parameters of as-cast 7050 samples were measured by authors in a Gleeble-1500
thermomechanical simulator and the details are described elsewhere [11]. K. values were also
measured by authors in the as-cast condition from room temperature to 200°C and the results may be
found in [12]. A new module was introduced to ALSIMS by means of which critical crack sizes could
be calculated for the desired crack type and geometry based on the given K| values and the maximum
principal stress component.

3. Results and discussion

Casting simulation was performed for 380 seconds (casting length of 380 mm at 1 mm/s) to make
sure that the steady-state conditions are gained and stress analysis can be done. After this moment, the
stresses remained more or less unchanged until changes in the thermal boundary conditions were
applied or casting ceased. As can be seen in Fig. la, the lower part of the billet has reached
temperatures below 80 °C. Figs. 1(b) through (d) show the contour maps of the normal residual
thermal stresses generated under steady-state casting conditions. As can be seen, the residual radial
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stresses displayed in the lower part of the billet (on the top of the bottom block) are compressive
which turn to tensile as we move in the positive “y” direction. Along the radial axis (x-axis), radial
stress diminishes from 71 MPa to 3 MPa as we move towards the surface. Similar trend is observed
for the circumferential stress, but it turns to compressive in the vicinity of the surface (71 MPa in the
center, and —86 MPa at the surface; Fig. 1¢). Contour map of the axial stress (along “y” axis) follows
the same trend in the lower part of the billet, i.e. tensile stresses in the center and compressive stresses
at the surface. This, changes in the upper part of the billet where we see compressive stresses below
the high temperature zone of the billet and tensile stresses around the water impingement area (Fig.
1d). It is important to note that the circumferential stress at the surface passes through a transition
from tensile to compressive as soon as the surface leaves the water impingement zone (WIZ). The
tensile stresses in the WIZ reach the highest value (73 MPa) among the stresses formed in the billet.
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Fig.1 Computer simulation results showing the contour maps of: (a) temperature, and normal residual thermal
stresses in b) radial, ¢) circumferential and d) axial direction after 380 s of casting at speed 1 mm/s.

A
Bottom block

To be able to discuss the failure probability in the billet the contour maps of the three components of
the principal stress tensor (033<022<011) are shown in Fig.2a, b, and c. In agreement with the results
shown in Fig.1 the principal stress components appear to be tensile in the center of the billet and
compressive at the surface. As discussed by Boender et al. [17], although having three tensile
principal stress components in the center results in a nearly zero equivalent von Misses stress, it does
not imply that no failure may occur. In other words, such a stress state facilitates the occurrence of a
brittle fracture in the center of the billet. According to Rankine’s theory which is more applicable to
brittle materials, failure occurs when either the maximum principal stress reaches the tensile strength
or the minimum principal component reaches the uniaxial compressive strength [18]. As the stresses
computed by ALSIM are far below the tensile strength of the material (150 MPa at 200°C to 250 MPa
at room temperature [11]), the effect of stress raisers (cracks and flaws) should be taken into account.
Similarly, in a brittle material and under a triaxial state of stress cracks mainly orient themselves
normal to the largest component of the principal stresses (a1;) [19]. Hence, the maximum principal
stress component was selected for calculation of the critical crack sizes. A penny shaped crack was
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chosen as a 3D crack resembling the actual void shape in billets. For such a crack the critical crack
size (radius of the penny) can be calculated as follows [20]:
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Fig.2 Computer simulation results showing the components of the principal stress tensor: () 33, (b) 02,, and (¢) a1,
after 380 s of casting at speed Imm/s. (d) Critical crack size distribution for a penny shaped crack calculated using
o11.

Fig. 2d shows the distribution of the critical crack size in a billet cast at a speed of 1 mm/s. As can be
seen the most dangerous location appears to be in the WIZ where the critical crack size is below 10
mm. In the center of the billet the situation is the same although the critical crack size is larger due to
smaller maximum principal stress values. Another vulnerable point is the corner on top of the bottom
block. The cracking probability decreases by moving outwards from the center of the billet or the
WIZ. In the remaining parts of the billet (mainly top center) stresses are either compressive or have
low values resulting in unrealistic high values of critical crack size, which have been sorted out.
Similar contour maps are shown in Fig. 3 for a billet cast at 2 mm/s. After 220 s, the stress state in the
billet did not change noticeably. As can be seen, three components of the principal stress tensor (Figs.
3a, b, and c) have increased considerably compared to the case of 1 mm/s. A higher cast speed results
in a higher heat input and eventually increases the temperature gradients especially in the “y”
direction [21]. Fig. 3d shows the distribution of the critical crack size in the billet cast at 2 mm/s.
Closer observation reveals two main differences with the billet cast at 1 mmy/s. First, the critical crack
size has decreased to below 10 mm in the center of the billet which is the result of higher maximum
principal stress values there. The area with the smallest critical crack size is larger compared to the
billet cast slower. Second, the area indicating the critical crack size in the WIZ has shrunk due to the
shorter time the billet spends in this region. Although the direction of the principal stress components
are not shown here, comparison of the stress tensor with the principal stress tensor revealed that the
maximum principal stress is either in the radial or circumferential direction at lower cast speeds (1
mm/s). As the cracks propagate mainly normal to the largest component of the principal stresses,
cracks with planes parallel to the axial direction of the billet result. At higher cast speeds (2 mm/s)
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however, the maximum principal stress axis turns towards the axial direction of the billet, which in
turn results in crack planes normal to that direction.
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Fig.3 Computer simulation results showing the components of the principal stress tensor: (a) o33, (b) 022, and (¢) gy,
after 220 s of casting at speed 2 mm/s. (d) Critical crack size distribution for a penny shaped crack calculated using
oy1.

4. Conclusions

Cold cracking propensity of the AA7050 alloy during DC-casting was studied using the computer
simulated thermal stresses and the plane strain fracture toughness of the alloy in the genuine as-cast
condition. Computer simulation results showed that the normal thermal stresses are all tensile in the
center, while they either diminish or turn to compressive as we move towards the surface of the billet.
The stress state at the surface passes through a transition from tensile to compressive as the billet
leaves the water impingement zone. Therefore, the WIZ and the billet center appear to be the most
vulnerable locations of the billet to cracking. Critical crack sizes leading to catastrophic failure were
eventually calculated for a penny shaped crack using the maximum principal stress component in the
billet and the corresponding Kj. values. Cracking probability decreases with moving from the center
towards the surface of the billet due to the decrease of the maximum principal stress value. The
smallest critical crack size is observed in the WIZ, where the highest maximum principal stress is
observed. In spite of this, billets rarely crack at the surface at lower casting speeds as tensile stresses
are immediately replaced by compressive ones. Increasing the casting speed not only increases the
magnitude of the maximum principal stress, but it also turns its axis towards the axial direction of the
billet resulting in the rotation of the crack plane.
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