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A B ST R A C T

THERMAL STRESS PREDICTION FOR DIRECT-CHILL CASTING OF
A HIGH STRENGTH ALUMINUM ALLOY

By Jian W an

Direct chill (D C ) casting is one o f  the most important semi-cotinuous methods for the 

production o f  high strength aluminum alloys. The enormous unevenly cooling o f  ingots during the 

casting process can cause significant thermally induced stresses, which may result in solidification 

cracking The control o f  the cracking during DC casting is a state-of-art technology, and many 

finite element models have been applied to simulate the solidification process during ingot casting 

So far. most o f  the simulations can predict the thermal fields o f  the ingot accurately, but very few 

works can get satisfactory thermal stress profiles. One o f  the major difficulties is the lack o f  valid 

thermo-mechanical properties for constitutive modeling o f  as-cast ingots.

The mechanical properties o f  a high strength aerospace aluminum alloy 7050 was studied in the 

as-cast ingot form. A thermo-elastic-plastic constitutive model was adopted to summarize the 

ingot strength and deformation behavior over a wide temperature range from the melting point to 

room temperature. In addition, the dependence o f  ingot properties on the casting structure as well 

as the cooling history at different ingot locations were determined. The cooling history o f  7050 

ingots can be divided into two portions at every location. The solidification rate between liquidus 

(635°C/1175°F) and solidus (524°C/975°F) decides the cast microstructure, which exhibits 

various coarse grain structures with notable dendrite segregation. After solidification, the cooling 

rate o f  solid ingots will influence the formation o f  the precipitation phases and their morphology

in
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Both portions o f  the cooling history were considered as the parameters in the constitutive models 

A finite element model (FEM) was developed to predict the thermal stress distribution in DC cast 

aluminum ingots by employing a commercial FEM code ABAQUS The in-situ measured 

temperature profiles was input as the thermal conditions through a user subroutine, and the 

material constitutive model was employed in the modeling. In addition, fracture toughness o f  as- 

cast ingots was investigated experimentally through on-cooling K|(- tests for material from the 

center and surface o f  Al-7050 ingot.

iv
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CH APTER 1

IN TRO DUC TIO N

Direct-chill (D  C ) casting is one o f  the most important methods for the production o f  high 

strength aluminum alloys The main advantages o f  D C casting are permitting large dimension 

casting and having high productivity [1], D C  casting is a semi-continuous process which makes 

long ingots with different cross sections. Cooling water is sprayed below a water-cooled mold to 

extract the heat from the filling liquid metal and solidify it into an ingot. This process is 

schematically shown in Figure 11 Initially, the mold is closed by a bottom block When the 

liquid metal fills to a certain height in the mold, the bottom block starts to move down at a slow 

steady rate, while cooling water is sprayed below the mold onto the surface o f  the emerging 

ingot The bottom and each surface o f  the ingot solidify first, and become the “mold" for the 

remaining liquid metal.

L IQ U ID  H E T A LF E E D  C O N TR O L A N D  
D IS T R IB U T O R

W A TER-CO O LED
MOu l D

W ATER

S O L ID  M ETA L

Figure 11: Direct Chill Casting

1
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D C casting proceeds in three main stages: (1) the transient stage or start stage, during which the 

temperature field and the solidification front change with time; (2) the steady state or pseudo- 

stationarv stage, during which the above parameters remain nearly constant; and (3) the end 

stage, during which melted metal pouring is stopped and the ingot cools down.

1.1 STATEM ENT OF THE PROBLEM

During D C casting, the bottom and the surface o f  the ingot are rapidly chilled down by the 

mold, the bottom block and the impringing cooling water. However, the center o f  the ingot is 

still kept hot by the liquid metal The great thermal unevenness builds up enormous thermal 

stress which causes the distortions o f  the ingot such as butt curl, butt swell and pull-in o f  lateral 

faces. These distortions are detrimental to the productivity o f  the process because they require 

butt saw and further ingot scalping before rolling. Furthermore, due to large thermal stress, hot 

cracks may initiate at the start phase o f  the casting, and propogate as the stress elevates. The 

most common one is the so-called "up-the-center" crack which propogates along the center line 

of the rolling surface. The casting cracks increase production cost and also bring saftv concern. 

[-]

Many efforts have been made in industry to minimize the thermally induced stress during 

casting, which include adjusting the casting parameters, such as drop rate, cooling water flow 

rate, distribution o f  cooling water around the mold, etc.. according to practical experiences In 

addition, distribution bags and head skimmers are used to improve the flow pattern o f  liquid 

metal in the mold. Insulation pads are placed on the center o f  the bottom block to reduce the

i
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cooling o f  the ingot bottom through the bottom block. C O ; gas is mixed into the cooling water to 

slow down the heat extraction from the ingot surface. The equipment called "top wipes” , which 

prevents cooling water from flowing down along the ingot surfaces, is also used to decrease the 

surface cooling. This causes the surfaces to become reheated, reducing the thermal stress.

However, the trial-and-error in practice is costly to achieve satisfactory results In order to 

control the thermal stress and improve the casting, it becomes more and more important to fully 

understand the casting process. In recent years, finite element numerical modeling is actively 

applied to simulate the process o f  DC casting [3-15], Most o f  the research concentrates on two 

subjects: (1) thermal analysis, and (2) stress and distortion calculation. The thermal analysis 

calculates the temperature distribution o f  the ingot during casting Good fitting between thermal 

simulation and in-situ temperature measurement can be obtained by most o f  the works on the 

first subject.[3-6] Uncertainties still remain among the researchers on the stress and distortion 

analysis. Variation mainly concentrates on the description o f  the material behavior which will 

affect the results o f  the thermal stress calculation.

1.2 O BJEC TIVE OF THE STUDY

The major objective o f  this research is to improve the thermal stress prediction by establishing a 

thermo-mechanical constitutive model which can describe the material behavior o f  D C. cast 

aluminum ingot in the as-cast condition more accurately In this constitutive model, dependency 

of  material properties on both temperature and cooling history was emphasized. A high strength 

heat treatable aluminum alloy Al-7050 was adopted as the model alloy for comprehensive 

investigation. Special efforts were carried out to correlate the thermo-mechanical properties o f
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the as-cast ingot material with the cooling history it experienced during casting New testing 

method, namely on-cooling tensile test, was implemented to measure the thermo-mechanical 

properties o f  the as-cast material at different temperature with different cooling rates Based on 

the experimental results, a thermal-elastic-plastic constitutive model was developed The 

constitutive model was employed in a finite element computational model to predict the thermal 

stress distribution o f  the ingot during casting Different kinds o f  material properties were 

compared Results showed significant differences between cooling-dependent model with 

constant and onlv-temperature-dependent models, which indicated the critical role the 

constitutive model played in the thermal stress calculation.

1.3 OUTLINE O F THE DISSERTATION

The material in the remaining chapters is organized as follows In Chapter 2. a brief rev iew o f  

related work on thermal stress analysis o f  D C casting o f  aluminum ingots and therm o

mechanical property studies on high strength aluminum alloys will be given. Based on this 

review, integrated technical approaches including in-situ temperature measurement, 

metallurgical analysis, thermo-mechanical measurement and constitutive modeling, finite 

element thermal stress calculation will be discussed in Chapter 3. Chapter 4 and Chapter 5 will 

present the procedures and results o f  the in-situ temperature profile measurement o f  casting 

ingots and metallurgical analysis o f  as-cast ingot material, respectively A series o f  designed 

mechanical testing were performed to obtain the required thermo-mechanical properties The 

data will be presented in Chapter 6. The results in Chapter 6 quantitatively fitted into a thermal- 

elastic-plastic constitutive model will be presented in Chapter 7 In Chapter S. numerical 

simulations o f  the thermal stress analysis at steady state will be presented Steady state 

temperature profile measured in-situ in chapter 4 was used as the initial condition Several

4
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material constitutive models are to be compared in the simulations o f  the thermal-induced 

stresses. Finally, a summary o f  important finding in this study and some suggestions for the 

future work will be given in Chapter 9.

1.4 TERM INO LO G Y

Solidification Rate Average cooling rate o f  ingot material from liquidus (1175°F/635°C) to 

solidus (975°F/524°C) o f  Al-7050 during direct chill casting. It is calculated by dividing the 

temperature difference between solidus and liquidus. which is 200°F or 1 1 1°C. by the time period 

the material takes to cool through this temperature range

Continuous Cooling The cooling period o f  ingot material at temperature range from solidus 

(975°F/524°C) o f  Al-7050 to room temperature during direct chill casting.

Continuous Cooling Rate The cooling rate during continuous cooling period The rate

continuously changes during casting The "continuous cooling rate" mentioned in Chapter 6 

refers to the average cooling rate at different temperature ranges, such as from 850°F/454°C to 

400°F/204°C and from 400°F/204°C to 200°F/93°C.

Tem perature Dependent The thermal mechanical properties and the parameters in the

constitutive model are functions of temperature. The effects o f  cooling history o f  the material 

during casting are not considered

C ooling History D ependent The thermal mechanical properties and the parameters in the

constitutive model are functions o f  both temperature and cooling history o f  the ingot material 

during casting. This dissertation describes the cooling history o f  as-cast ingot material as the 

combination o f  solidification and continuous cooling, and uses solidification rate and continuous 

cooling rate to express it quantitatively.
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Cooling Dependent The "cooling dependent” mentioned in following chapters is the short term 

from "Cooling History Dependent"

As-received material It refers the ingot pieces having been natural aged in the aluminum plant 

after cracked from ingot during casting before taken to the lab for testing

6

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



CH A PTER  2 

LITERATURE REVIEW

Thermal stress simulation o f  D C casting has been studied extensively in recent years Both 

steady state and transient stage were investigated. Numerous constitutive models decribing 

material behavior were used by researchers.

In the stress calculation presented by S C Flood [7] ci ul. linear elastic and non-linear elastic 

behavior with temperature dependence were compared. The results showed that not only the 

stress levels but also the stress distributions were different in two cases Results o f  non-linear 

elastic model showed substantially lower stress level than that o f  linear-elastic model.

Inoue and Ju [8] simulated both temperature and stress field o f  a cylindrical ingot in D C

casting Temperature dependent elastic-viscoplastic material behavior was employed in their

finite element stress field calculation. The total strain rate e  is the sum o f  elastic and inelastic

•  •  •  •

strain rate i f  and £ . as well as the thermal strain rate £' and the strain rate £ m representing

dilatation caused by phase change, shown as Equation 2.1

# • • • •

£ -  £ i- £’ ~ £' -  £ m (Eqn 2.1)

For elastic strain. Ffook's law was adopted, expressed as.

£ ”' = (Eqn2.2)

For thermal strain rate.

7
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£ - a l l (Eqn 2 3)

A unified viscoplastic model is employed to formulate the inelastic strain rate, expressed as.

where, s is deviatoric stress tensor, and the linear hardened static flow stress a % was expressed as.

where. H is the hardening coefficient, s' and ctvo stand for equivalent viscoplastic strain and 

initial yield stress, respectively. Both H and csvo depend on temperature. Material parameters in 

these constitutive equations were determined from the data o f  the tensile stress-strain curves 

under some strain rates at several temperature levels.

Fjrer and Mo [9] presented their mathematical and numerical model named ALSPEN in 1990. 

which calculated the thermally induced stress and strain during D C casting. It was a two 

dimensional (2D) model applied on cylindrical ingots for extrution billet. An isotropic elastic- 

viscoplastic material constitutive model was employed in the calculation. Similar with Inoue and 

Ju 's  model . the plasticity and the creep were treated in a 'unified" manner as one quantity The 

viscoplastic strain increment was given according to Prandtl-Reuss relations.

a

where, a  is the effective stress, and s vp is the effective viscoplastic strain rate Equation 2.7 was 

used to fit the experiment curves tensile tested for Al-6063 at a series temperature.

£  -  — ( 1  —  ).v
^  / /  /  -% T v '^  (3.7.) :

(Eqn 2 4)

cri = o\,.( 7 ) -  H  ( T ) £ (Eqn 2 5)

(Eqn 2.6)

8

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



cr = c(T)(a (Evp)m" (Eqn 2.7)

where, a  is the hardening parameter, c. n. m are material constants which are noniinear functions 

o f  temperature.

Fjrer and Jensen [10] implemented this "unified" elastic-viscopiastic material model mentioned 

by Equation 2 6-2.8 in the three dimensional (3D) version o f  the computer code ALSPEN to 

investigate the butt curl phenom ena during the start-up phase o f  the aluminum sheet ingot casting 

o f  Al-6063 The modified M ATM OD equations for Al-6063 and Lalli and D e A rd o s  equations 

for Al-1050 were also implimented in 3D ALSPEN and results are compared Stress calculated 

for Al-6063 showed about twice the magnitute o f  that for Al-1050 However. levels o f  butt curl 

are similar for all three models.

Fja;r and Hankonsen[l I] showed the improvement o f  their stress model recently by presenting 

the ability to predict the lateral face pull-in phenomenon o f  the aluminum sheet ingot Similar 

comparison was carried out between two kinds o f  temperature dependent elastic-viscopiastic 

material model associated with different aluminum alloys. For Al-1050. Lalli and DeArdo s 

model was applied. For AI-3003. a modified M ATM O D  equations was used. In latter equations.

effective viscoplastic strain rate e was expressed as.

— - » n

e = BQ(7')^ sinhj - ( — )' ‘' ![• (Eqn 2.8)
a d  ! !

: L  j j

where, 0 (T )  is a function o f  temperature, and d is a internal variable B. a. q. n are material 

constants which were evaluated through tensile tests at temperature ranging from 20°C to 600°C

i)
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and strain rates between 2x10“* and 2x10'" Both 2D model, which used plane strain 

approximation and focused on the center cross-section o f  the rolling faces, and 3D model were 

implemented and compared in their research. Results from 2D and 3D showed close agreement 

near the center o f  the rolling faces, while large discrepancies existed when the cross section were 

close to the ingot narrow end where plane strain assumption became invalid.

In recent years. Drezet and Rappaz [12-15] studied extensively the distortions during DC casting, 

especially the lateral faces pull-in. They investigated the deformation and temperature field 

experimentally [12], and a  transient thermomechanical model was developed. Based on the 

commercial finite element software ABAQUS. they built the 2D thermal/stress model, which 

focused the computational domain on cross-section located at the center o f  the rolling faces in 

their earlier study [13] and improved it to the comprehensive 3D model in their recent research 

[14], Drezet and Rappaz[15] applied their model further to the optimization o f  the mold design 

based on the results o f  their simulations However, the thermal-elastic-viscoplastic constitutive 

model implemented in their stress modeling showed little changes through out their papers 

Superposition assumption o f  incremental deformation expressed by Equation 2 , 1 was adopted in 

their constitutive model (using strain increment instead o f  strain rate in Equation 2.1). So did the 

expressions for elastic and thermal strain increment described by Equation 2.2 and 2.3 The 

viscoplastic strain increment adopted Equation 2.6. The concept of the “coherency" temperature, 

above which the alloy was treated as a liquid and below which the alloy was treated as a solid.

was also adopted in their modeling. Different equations for viscoplastic strain rate e  were used

for different temperature ranges. For material at temperature below solidus. Garafalo law was 

followed.

10
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where. A. CTo and n are alloy-dependent constants which were evaluated through creep tests For 

material at temperature between solidus and coherence temperature. Norton-HofT law was 

followed.

£t.r = k ■( —  )" (Eqn 2 10)
<7

where, k. a () and n are temperature-dependent constants which were evaluated through 

indentation test

Magnin. el ul. [16] determined the ductility o f  Al-4.5°oCu alloy over a wide range of 

temperature going from room temperature to the dendrite coherency temperature through tensile 

tests The stress-strain curves measured for material in both semi-solid and solid states were used 

to establish an elastoviscoplastic constitutive model, expressed as.

•  •

cr = t\'r )m(6\p -  )" for plastic range

cr = /it\. for elastic range (Eqn 2 11)

where, initial viscoplastic strain rate t\.p . initial viscoplastic strain m and n depend on 

material and temperature.

The results were introduced into a 2D axisymmetrical numerical model o f  D C casting and 

thermal stress in steady state was calculated. A hot cracking criterion in terms o f  plastic strain 

was proposed in their paper

11
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Microstructural considerations were involved in the constitutive modeling by some researchers 

Estrin [17] developed a constitutive model which was based on dislocation density evolution 

during the deformation process This model directly implemented the microstructural features o f  

the material, such as the grain size, spacing between second-phase particals. etc. in the 

constitutive equations. Effect o f  second-phase particles on the creep behaviour was emphasized 

Gehanno et til. [18] studied the mechanical behavior o f  Al-6xxx aluminum alloy at temperatures 

between 212°F/100°C and 572°F/300°C through different tests, such as creep test and tensile 

test The resulted strain rate-stress relations were used to establish the constitutive equations with 

internal variables to describe high temperature mechanical behavior o f  industry aluminum alloys 

such as Al-6063 The value o f  the parameters in the constitutive model can be directly related to 

the microstructure features. Duval [19] also modeled the plastic behaviour o f  cold-rolled 

aluminum alloy 3104 based on its microstructures. Similar study were carried out by Chu and 

Granger [20] and Ha. et til. [21]

More constitutive models were presented in the studies o f  quenching residual stress, in which the 

material were only concerned within the solid range. Savamiphakdi and Kropp [22] developed a 

uncoupled thermo-elastic-plastic-creep model for thermal treatment o f  steel parts, in which 

mechanical properties were affected by temperature. Two methods were compared: (1) 

additional strain method which includes the additional strain into the constitutive description o f  

the total strain rate. and. (2) material property modification method which modifies the material 

properties in the transformation temperature range Franchet et til. [23] described the material 

during quenching as pseudoplastic at high temperature and as elastoplastic at low temperature

12
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The shrinkage caused by precipitation was considered Becker et al. [24] described the 

deformation o f  a AI-4.6%Mg alloy bar during quenching as a combination o f  thermal strain, 

elastic strain and inelastic strain, similar as Equation 2 1 The constitutive model is temperature 

dependent. Denis et al. [25] also introduced transformation plasticity into the calculation o f  

internal stresses as an additional strain related to the stress state. K. F. Wang et al. [26] applied 

temperature dependent material properties and a mixed hardening rule in their constitutive model 

for quenching analysis

Vlost o f  the work in the above mentioned literature only consider the material properties as 

temperature dependent. Although as-cast materials were tested to setup the constitutive model by 

some o f  the researchers, the inhomogeneity o f  ingot material was neglected in all researches As 

presented by Lu et al. [27], the microstructure o f  a D C. cast ingot was significantly different 

from the surface to the center, which is a result o f  different cooling histories at different 

locations Therefore, even at the same temperature, materials with different cooling histories may 

show different mechanical properties. Furthermore, the as-cast materials exhibit significant 

microsegeration making mechanical properties much different from that o f  the final product 

which has only minimum microsegregation. Without these considerations, accurate thermal 

stress analysis for as-cast ingot is difficult to achieve

1. '
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CHAPTER 3

TEC H N IC A L A PPR O A C H ES

Figure 3 I shows a revised flow chart o f  finite element simulation needed for D C casting. The 

emphasis o f  this research are to verify and identify' the microstructure difference in a D C casting, 

establish the constitutive model which reflects the thermo-mechanical properties o f  as-cast ingot 

with different microstructure, and validate the significance o f  microstructure factors on the 

computer simulation. The numerical simulation includes thermal modeling which calculates the 

temperature distribution o f  a casting ingot. The results will be an input o f  the stress modeling 

which calculates the stress distribution o f  the ingot by employing a commercial finite element 

software (such as ABAQUS [28]) Based on the simulation results, casting equipment and 

parameters can be optimized to improve the stress distribution and minimize the thermal stress in 

the casting ingot. The research presented in this disertation are shown as the blocks with stars

In order to calculate the boundary conditions for the thermal modelling, and provide direct input 

for stress calculation, temperature profile were measured in-situ during production ingot D C, 

casting. As-cast aluminum ingot was metallurgically studied to investigate the effect o f  the 

cooling rate during casting on the ingot microstructures by correlating the metallographic results 

with the cooling curves from in-situ temperature profile measurement.

U
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Figure 3 1 The finite element simulation system for D C casting

The cooling histories at every location during D C. casting can be divided into two portions: 1) 

solidification between the liquidus and solidus, which determines the grain size and the amount of 

eutectic phases along grain boundaries; 2) continuous cooling, which affects the precipitation 

reaction both within grain and at grain boundary The mechanical properties o f  the material are 

the combined result o f  these two cooling portions. In order to establish the correlations between 

cooling histories and the material properties o f  as-cast ingot, a series o f  mechanical tests were 

designed, which considered both temperature and cooling effects on the material properties The 

tests includes several parts: isothermal aging and hardness tests, tensile test for as-received 

cracked ingot at room temperature, natural aging tensile test, on-cooling tensile test at elevated 

temperatures, on-cooling fracture toughness test. It is important to know that most high strength
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aluminum alloys undergo a age-hardening reaction at room temperature This natural aging 

process may confuse the real mechanical properties o f  as-cast ingot As-received ingot pieces 

have been naturally aged for several weeks in the plant before taken to the lab for testing The 

mechanical properties o f  these ingot pieces will not only reflect the effect o f  cooling during the 

ingot casting, but also the effect o f  natural aging. Natural aging and tensile tests were conducted 

to show this effect. On-cooling tensile tests were designed to eliminate this natural aging effect It 

consisted o f  two sets. The first set mainly investigated the solidification rate and temperature 

effect through tensile tests at various temperatures for material from different location o f  ingot 

The second set investigated the continuous cooling rate effect at different temperatures through a 

series of two-step on-cooling tensile tests. Isothermal aging and hardness tests were carried out to 

qualitively investige the effects o f  precipitation reaction at different temperatures. In order to 

attain useful information about failure critirion for casting ingot, on-cooling fracture toughness 

tests were implimented for both surface and center o f  the ingot to investigate toughness 

differences at different locations o f  ingot. In addition, tensile properties o f  Al-7050 at room 

temperature were investigated

Based on the results o f  temperature profile measurement, metallurgical analysis and thermal 

mechanical property measurement, correlation between temperature history during casting and 

thermo-mechanical properties was established. According to this correlation, a thermal-elastic- 

plastic constitutive model was setup, which was implemented in the finite element modeling for 

thermal stress analysis. A two-dimensional plain strain model was built using commercial FEM 

code ABAQUS to calculate the thermal stress distribution in the longitudinal cross-section at the 

center of rolling faces o f  the casting ingot in steady state. An increment strategy for temperature

16
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profile input was used through user subroutine for the steady state stress analysis Five different 

kinds o f  metarial property models were used in the stress simulation seperatelv and results were 

compared These models are: 1) temperature-independent material properties for heat treated Al- 

7050 (A1-7050T7451) from literature. 2) temperature-dependent material properties for heat 

treated Al-7050 (A1-7050T745 1) from literature; 3) temperature-dependent material properties 

for as-cast Al-7050 measured at the ingot surface; 4) temperature-dependent material properties 

for as-cast Al-7050 measured at the ingot center; 5) temperature-cooling rate dependent material 

properties for as-cast Al-7050 considering the measurement at different location o f  the ingot. The 

results were compared to illustrate the significance o f  microstructural effects on the stress analysis 

by computer simulation.

17
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C H A P T E R  4

IN-SITU TEM PER A TU R E M EASU REM ENT

In order to determine the cooling histories at different locations o f  the ingot during casting, 

temperature fields were measured in-situ during a production casting o f  an aluminum 7050 ingot 

at Century Aluminum o f  WV. Inc. Various methods have been used by several researchers [29- 

33] The following presented experiments adopted the most commonly used thermocouple- 

casting method.

4.1 EXPERIMENTAL

The measurement was implemented by casting thermocouples (T/C's) into the withdrawing ingot 

during the casting. The thermocouples used in the measurement were type J (iron-constantan. 

temperature range from -346 JF to 2193 CF). A 60 channel data recorder was employed to 

acquire and convert the output voltage o f  the T /C 's  to temperature. The layout of the devices is 

shown in Figure 4 1 The T/C 's were distributed along the two center lines o f  the ingot cross 

section, and around the corner o f  the ingot. The detailed locations o f  the T/C's are shown in 

Figure 4.2. There are eight T/C 's along each center line. The four o f  them near the ingot surface 

were close to each other with half inch spacing. They measured the temperature changing near 

the surface which will be used in the boundary condition calculation for thermal modeling. The 

other four T/C 's were mainly used to measure the temperature profile along the center line o f  the 

ingot. All T /C 's  were attached to L-shaped steel jigs, shown in Figure 4.3. which assured that the 

T /C 's  remained at the desired locations.

is
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Figure 4.1: Devices Layout for In-situ Temperature VIeasurement
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Figure 4.2: Thermocouples distribution
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(i) (ii)

( iii)

Figure 4 3 Thermocouple Supporting Jigs: (i) along center line for transient 
measurement, (ii) at corner o f  the ingot, (iii) along center line for steady state

Cooling histories in both transient and steady states were measured. For the transient 

measurement. T /C 's  were attached to a long jig and a short jig, then taped to the bottom block 

before casting, shown in Figure 4.1. For the steady state measurement, the jigs were put into the 

ingot from the top after the ingot length reached 30 inches. In both cases. T /C 's  moved with the 

withdrawing speed and temperatures were recorded by the data recorder as the ingot solidified 

and cooled down.

4.2 RESULTS A ND  DISCUSSIONS

Figure 4 4 shows the cooling curves measured in the transient and steady states. Using a casting 

rate o f  1.9 in/min. cooling curves in the steady state can be converted to temperature profiles in

2o
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the cross-sections along the long and short axes These are shown in Figure 4 5 As seen in the 

cooling curves o f  both the transient and steady states, faster cooling is observed near the surface 

and the comer o f  ingots, while slower cooling is observed near the ingot center

For the steady state, the incubation time to start cooling increased as the location moves toward 

the center, and a liquid metal sump was developed As shown in the transient cooling curves, the 

temperature measured at the ingot center dropped faster at the start This indicates that there is 

extensive heat extraction from the bottom block at the starting stage. In addition, the crossover o f  

the cooling curves was observed at the four locations near the center in transient measurement, 

w hich may relate to the occurrence o f  butt curl during the first several minutes o f  the casting

21
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Figure 4.4(b): Cooling curves in transient stage
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Figure 4.5 Temperature profile for steady state

(a) cross-section along short axis (b) cross-section along long axis

As mentioned in Chapter 3. cooling history at each location can be divided into two portions 

solidification and continuous cooling, which determine different characters of the 

microstructures and the mechanical properties o f  the as-cast ingot material

The solidification rate used in this study is defined as the average cooling rate between iiquidus 

(1 175°F/635°C) and solidus (975°F/524°C). They were calculated from the measured
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Reproduced w ith permission of the copyright owner. Further reproduction prohibited w ithout permission.



temperatures at different locations along short centerline o f  the cross-section during steady state 

measurement (shown in Figure 4 4(a)). Results are plotted in Figure 4 6 as a function o f  the 

distance from ingot surface. The solidification rate is extremely high ( • 4 ”C sec) at ingot 

surface, but decreases rapidly as the distance from surface increases It is almost constant 

beyond 3 inches deep from the ingot surface

Dis tance from R o ll ing  S u r fa ce  i in)

0 2 4 <> x 10

0(H)

NJ
•J
S. 500

4
400•j

x  i

0 I—
0 00

0
0 150 10 0

Dis tance tm m  Roil ing  S u r face  im>

Figure 4 6 Solidification rates at different locations along short centerline during steady state

After solidification, cooling rate continuously changes during casting. For steady state, at higher 

temperature range (from solidus to 400°F/204"C). average cooling rate follows the same trend as 

average solidification rate, with high rate within a short distance from ingot surface Most 

locations inside the ingot cooled at almost the same rate (about S0°F/min or 0 74=C/sec) At 

lower temperature range (from 400°F/204°C to 200°F/93°C). all locations cooled slowly with 

ingot center showing slightly higher rate than surface. Figure 4.7 shows the average cooling rate 

from solidus to 400CF/204°C and from 400°F/204°C to 200°F/93°C as the function of distance 

from ingot center along the centerlines of ingot cross-section during steady state Besides, the
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cooling at every location becomes very slow when temperature reaches 200°F/93aC It may take 

several hours for the whole ingot cooling to room temperature.

----------- Rolling Surface

.................End Surface

 *-----Short C enterline-
975F to 400F

 • ---- Long C enterline-
975F to 400F

— H---- Long Centerline—
400F to 200F

— • -----Short Centerline-
400F to 200F

0 5 10 15 20 25 30

D istance  from  ingo t c e n te r  (in)

Figure 4 7 Average continuous cooling rate along the center lines o f  ingot cross-section during
steady state

4.3 SUMMARY

In this chapter, the in-situ temperature profile measurement during production casting o f  Al-7050 

ingot is decribed in detail Both transient and steady states o f  casting process were measured. 

Cooling curves and temperature profile for the short and long cross-section o f  the ingot were 

obtained. The results show that different locations o f  ingot experience various cooling histories 

which change continuously from ingot surface to the center The differences in cooling history 

can be further described as the differences in solidification rate and continuous cooling rate.
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which influence the microstructure of the as-cast material and mechanical properties differently 

Chapter 5 and Chapter 6 will present these influences in detail
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CH APTER 5

M ETA LLO G R A PH Y  A N A LY SIS

Mechanical properties o f  the material depend on its microstructure Since the aluminum ingot is 

not cooled evenly during the casting, significant differences o f  microstructures will be observed 

from location to location. To understand the effect o f  cooling rates on the properties o f  an as-cast 

high strength aluminum alloy requires a comprehensive analysis o f  microstructure through the 

whole cast ingot. In addition, the as-cast material exhibits notable microsegeration along grain 

boundaries, which is seldom observed in the wrought product. These characteristics o f  

microstructure will definitely affect the mechanical behavior of the material. Based on such 

considerations, as-cast Al-7050 ingot pieces were studied at different locations under optical 

microscope. Scanning Electronic Microscope (SEM) and Energy Dispersion Analysis of X-ray 

(EDAX). The effects o f  the cooling history during casting on ingot microstructures were 

obtained by com paring the microstructures of materials with different cooling histories The 

tempering effect was also studied by heat treatment and metallographic observation.

The nominal composition o f  Al-7050 is given in Table 5.1

Table 5 1. Chemical Composition o f  Aluminum Alloy 7050

Element Al Zn Mg Cu Zr
Wt.% Balance 6.2 2.3 2.3 0 12
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As-cast Al-7050 ingot pieces were provided by Century Aluminum o f  WV. Inc The pieces came 

from ingots cracked during casting, as shown in Figure 5 1 The pieces were close to the center 

o f  the rolling surface. One has the dimension o f  about 16x8x5 in \  the other has the dimension o f  

about 16x5x5 in'\

Figure 5.1: As-cast Ingot Pieces

5.1 EXPERIM ENTAL

5 11 SECTION

The samples for metallography analysis were sectioned from the ingot piece at locations o f  0. 

0 5. 2. 3.5. 5. 6 5 and 8 inches away from the rolling surface respectively The sample at 8 inches 

is located at the center between the two rolling faces. These are identical to the locations o f  the 

thermocouples which were cast into the ingot to measure the temperature Because the ingot 

pieces were close to the center o f  rolling faces, the cooling histories o f  these samples were 

assumed to be the same as the measurement along the short center line o f  ingot cross-section.
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5 12  HEAT TREA TM EN T

To analyze the tempering effect on the microstructure, the samples cut from ingot center were 

heated at 600CF (315°C). 650=F (343°C). 700CF (37UC). 800°F (427CC). 900CF (4S2CC). and 

950CF (510°C) for 2 hours, followed with water quench. Tempering times were also studied by 

holding at 850°F (454CC) for 1 hour, 2 hours. 4 hours. 8 hours, and 16 hours, followed with 

water quench.

5 1 3 SAMPLE PREPARATION

The initial area o f  the crack surface sectioned from D C. casting ingot pieces was washed by 

water and diluted HCL (5%) solution. The samples, including both as-cast and heat-treated, were 

first ground with 300. 600. and 800 grit sand papers, then polished using I micron alumina 

powder The samples were etched with dilute Kellers reagent (2 ml HF (48°o). 3 ml HC1 (cone ). 

5 ml HNOi(conc ). 190 ml water) (2 1) solution for 15 seconds.

5 1 4  M ETALLOGRAPHY

The crack surface and prepared samples were analyzed using Scanning Electronic Microscope 

(SEM). optical microscope with a computer controled digital camera and EDAX

5 15 QUANTITATIVE ANALYSIS

Quantitative analyses were carried out from the pictures taken. The grain size was determined 

through the interception procedure according to ASTM El 12 [34], and the volume faction o f  

eutectic phases was determined by systematic manual point count procedure according to ASTM 

E562 [34],

3 0
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5.2 RESULTS A ND DISCUSSIONS

5.2.1 FRACTOGRAPH

As shown in the SEM  picture in Figure 5.2(a). the crack on the D C cast ingot pieces was 

intergranular Microcracks can also be observed around the initial area o f  the crack along the 

grain boundary Further evidence that cracking is highly related to the grain boundary segregated 

eutectic phases can be found in the ED AX results. The X-ray spectrum in Figure 5 2(b) was 

obtained by focusing the electron beam on one o f  the flat grain faces A high Cu peek was 

exhibited. Similar EDAX results were also observed in the block-shaped eutectic phase at the 

grain boundary o f  the as-cast material shown in Figure 5 4

Figure 5.2: (a) SEM picture o f  initial area o f  crack surface 
(b) EDAX o f  crack surface

5 2 2 AS-CAST M ATERIA L

Results o f  the as-cast material sectioned from different locations o f  Al-7050 ingot are shown in 

Figure 5.3. 5.4. and 5.5. In the EDAX results, 1000 points were counted and the highest peek 

was normalized to 1.

(a) (b)
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Figure 5.3: Microstructures at different locations of Al-7050 ingot under SEM
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Eutectic phases segregating along grain boundaries can be observed from the SEM pictures o f  

as-cast Al-7050 at all locations. Early work [35][36] suggested that three major types o f  

solidification terminal phases can be identified: (1) eutectic phases A1 -  ANCuMg -  \lgZ n ;.  (2) 

impurity phases: a  AlFeSi(=> AbCuzFe), Mg;Si, (3) inclusion: ZrA h After solidification, other 

phases, such as n (M gZn;) phase, will precipitate within the grains as the solid ingot continiously 

cools down to room tempareture

The differences among the microstructures at different locations are significant, as seen in Figure 

5 3 Needle-like n phase can be observed near the slowlv-cooled center o f  the ingot but absent 

near the fast-cooled surface. The amount and morphology o f  the eutectic phases shows gradual 

changes from surface to center Eutectic networks are dense but thin for the material near the 

surface o f  the ingot, while becoming loose and coarse near the center o f  the ingot. Results o f  

volume fraction measurement o f  eutectic phases are shown in Table 5.2. comparing with the 

solidification rates decribed in Chapter 4. The relation between the volume fraction o f  eutectic 

phases and solidification rate are shown in Figure 5.6. which indicates that the amount o f  

eutectic phases increases as the solidification rate decreases.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Table 5 2: Volume fraction o f  eutectic phases vs solidification rate

Distance from surface (in) 6.5 2 0.5
Solidification Rate (°F/min) 45.2 (0.4°C/sec) 187.1 (1.7°C/sec) 524.5 (4.9cC/sec)

V olum e Fraction (%) 11.2 7.1 4.6

100

CO

ll.
0)
E
3
o>

10 100 1000

Solidification Rate (F/min)

Figure 5 .6: Relation between volume fraction o f  eutectic 
and average cooling rate during solification

The cooling rate during solidification also notably affects the grain size The results o f  

quantitative measurement are listed in Table 5 3. Figure 5.7 indicates that higher cooling rate 

during solidification results in finer microstructure.
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Table 5 3: Average grain size vs. distance from ingot surface and solidification rate

Average grain size (micron) Distance from edge (in) Solidification
Rate(°F/min)

140.9 0 ; 524.5 (4.9 cC/sec)
264.3 3 5 : 72.0 (0.67 3C/sec)
323.5 5 50 5 (0.47 °C/sec)
370.8 8 40 8 (0.38 =C/sec)

4 0 0

-=■ 350

o  300

a> 250

200

100
10 100 1000

Solidification Rate (F/min)

Figure 5.7: Relation between average grain size and solidification rate

5 2 3 TEMPERING EFFECT

Figure 5.8 (a) and (b) show that microstructure o f  as-cast AI-7050 vary with tempering 

temperature and time. Table 5.4 lists the results o f  quantitative study The amount o f  eutectic 

phases decreased as tempering temperature elevates and tempering time increases as shown in 

Figure 5 9

37
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Figure 5.8 (a) Microstructures o f  A1 7050 at different tempering temperature for 2 hours
followed by a water quench

60 um

Figure 5.8(b): Microstructures o f  A1 7050 at tempering temperature o f  850F for different periods
o f time followed by a water quench

38
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Table 5.4(a) : Volume fraction eutectic phases vs. tempering temperature
for 2 hour tempering

Tempering Temperature(°F) Volume fraction (%)
600 (3 15°C) 10 1
700 (371°C) 7.2
800 (426°C) 4.6
850 (454°C) 3.7
9 0 0 (482°C) 2.4

Table 5.4(b): Volume fraction eutectic phases vs. tempering time

Tempering time for 850 °F(hr) Volume fraction (°o)
I 6.1

3.9
4 3.6
8 2.6
16 1.2

39
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Figure 5.9: Relation between volume fraction with tempering tem perature and time
(a) volum e fraction vs. 1/tempering temperature for 2 hr tem pering tim e
(b) volum e fraction vs. tem pering time at 850 F tem pering tem perature
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5.3 SUMMARY

In this chapter, as-cast Al-7050 ingot pieces were metallurgically analyzed and results were 

correlated with the cooling history o f  ingot material during casting M icrostructures o f  as-cast 

ingot material show significant difference with that o f w rought material They exhibit various 

coarse grain size, notable grain boundary segregation and inhom ogeneity through out the ingot 

Results o f  quantitative analysis indicate that grain size and am ount o f  eutectic phases increase as 

solidification rate decreases. Results o f  fractographv and ED.AX o f  the fracture surface o f  the 

cracked ingot indicate the strong correlation between casting crack tendency with grain boundary- 

eutectic phases. Tem pering effect on the microstructure was studied through a series o f  heat 

treatments and metailographicai analysis o f  AI-7050 as-cast ingot material Tempering reduces 

the amount o f  grain boundary eutectic phases, which will increase the fracture toughness o f  the 

material This conclusion supports the higher recovery (successful rate) o f the casting production 

by using "top wipe" equipment which prevents cooling w ater from going down along the ingot 

surface, thus reheats the ingot surface below it. The effect o f  this inhomogeneity o f  

microstructure o f  as-cast ingot on its thermo-mechanical properties was further studied, which 

w ill be the m ajor topic o f  Chapter 6.

4 1
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C H A P T E R  6

T H ER M A L-M EC H A N IC A L PRO PER TIES M E A SU R EM EN T

The themo-mechanical properties o f  the as-cast ingot material used in the therm al-stress modeling 

are critical to achieve an accurate prediction through the simulations. [17][27], In addition, the 

failure criterion for the cracking requires the fracture toughness o f  the as-cast material Chapter 4 

shows the uneven cooling from location to location during D C. casting o f  Al-7050 ingot As 

result, as-cast aluminum alloy 7050 has the structural characteristics much different from that o f 

the wrought product, as shown in Chapter 5. In addition, the as-cast material exhibits various 

grain size and the amount o f  eutectic phases and precipitates through out the ingot This 

inhomogeneity determ ines the variation o f  thermomechanical properties o f  the aluminum casting 

ingot from location to location. All these indicate that the effect o f  cooling history during D C 

casting is im portant for stress modeling. It is necessary to evaluate this cooling effect along with 

temperature effect on the mechanical properties o f  as-casting ingot.

As mentioned in previous chapters, cooling rate during solidification mainly determines the grain 

size and eutectic phases o f  ingot material which will affect its strength and fracture toughness 

The cooling rate during continuous cooling in solid ingot mainly determines the precipitation 

reaction, which may affect material strength through the ability to restrict the movement o f  

dislocations.

In order to investigate the effects o f  cooling, a series o f  mechanical tests were designed Tensile

test at room tem perature were conducted for the material from four different locations o f the as-

4 2
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received Al-7050 ingot to  study the difference o f  mechanical properties at different locations o f  

ingot. However, these properties do not represent the real properties o f  as-cast material, because 

the ingot pieces received have been naturally aged for several weeks in the plant before taken to 

the lab for testing. The mechanical properties o f  the material not only reflect the effect o f  cooling 

during the ingot casting, but also the effect o f  natural aging Therefore, the natural aging and 

tensile tests were conducted to identify this natural aging effect, both for center and surface o f  the 

ingot Because o f  this concern, on-cooling tensile tests were designed to  redissolve the precitates 

formed during continuous cooling and natural aging and simulate the as-cast condition o f  the 

ingot material during casting. The influence o f  the solidification rate w as analyzed by comparing 

specimens from three typical locations o f  ingot, namely, center. 2 inches from surface and surface, 

which represent three different solidification rates, namely. 45°F/min (0 4K/sec). 187cF/min 

(1 7K/sec) and 524cF/min (4.9K/sec). A ccording to the cooling histories described in section 4 2 

and Figure 4 6 and 4.7. on-cooling tensile test, tw o-step on-cooling tensile test, and on-cooiing 

plus aging tensile test were designed to investigate the continuous cooling effect on mechanical 

properties. Effect o f  precipitation reaction after solidification was also studied qualitatively 

through a series o f  isothermal aging and hardness test. In addition, several on-cooling Kt<- tests 

were implemented to measure and compare the fracture toughness o f  as-cast Al-7050 at surface 

and center locations

The testing system for all tests employed a M odel 810 Material Test System (MTS) which is 

controlled by a PC com puter using a commercial software LabView[37] Multi-zone parabolic 

heaters were employed for on-cooling tensile test, also controlled by LabView application

4 3
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programs. The layout o f  the system is shown in Figure 6.1. The controlling program includes 

three main parts: 1) M TS mechanical testing control; 2) data acquisition; and 3) tem perature 

control. For K[<- test and room temperature tensile tests, only 1) and 2) were used. The MTS 

controlling program sends the values o f  testing param eters (e g displacement rate o f  tensile test) 

to the MTS controller under closed-loop control to load the specimen. In the meantime, the load- 

displacement data is acquired and recorded by the com puter For on-cooling tensile tests, all three 

parts were applied. The tem perature controlling program allows the user to maintain a constant 

temperature and cool at a certain rate. The heating controller regulates the parabolic heaters to 

heat the specimen. The therm ocouples touching the specimen feed back the temperature for the 

closed-loop control o f  the heating.

Computer

Lab View

Heating Control

MTS Control

Data Acquirement

H e a t
C o n t r o l l e r

S t r i p  H e a t e r

T h e r m a l  C o u p l e  F c e d b c a k

C o n t r o l l e r

L o a d  &  
D i s p l a c e m e n t

J L o a d  &  D i s p l a c e m e n t  
F e e d b a c k

H e a t

L o a d

S p e c i m e n

Figure 6 I : Testing system layout for thermal mechnical property measurement
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6.1 EXPERIMENTAL

6 11 TENSILE TEST FOR AS-RECEIVED M ATERIAL

Specimens were prepared from as-received Al-7050 ingot pieces at a series o f  locations, namely. 

0. 2 . 3 5 and 8 inches from the ingot surface. Tensile tests were conducted on these specimens at 

room temperature Results were compared with those obtained from natural aged specimens

6 1 2 TENSILE TEST FOR NATURAL AGED SPECIM ENS

Two groups o f specim ens were sectioned from the center and surface o f  the Al-7050 ingot They 

were first heated to 850°F (454°C), which is above the solvus tem perature o f  precipitates, and 

held for 20 minutes. Then, all the specimens were w ater quenched to room temperature. 

Through this treatm ent, the precipitates resulted from previous cooling histories were eliminated 

Tensile tests were conducted after a series o f  time periods at room tem perature For the 

specimens from ingot center, natural aging time were 0 5 hour. 33 hours. 146 hours, and 486 

hours For the specimens from ingot surface, natural aging time were 0 5 hour. 4S hours. 

1 79 hours, and 5 1 1 hours.

6 13 ON-COOLING TE N SILE TEST

In order to eliminate the natural aging effect from as-received material, and also, to obtain the 

properties at elevated tem peratures, on-cooling tensile tests were conducted. It includes following 

tests:

1 On-cooling tensile test at elevated temperatures with fast cooling rate

The purpose o f  this set o f  tests is to investigate both temperature and solidification rate effect

4 5
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The specimens were prepared from surface. 2 inches from surface and center o f  the Al-7050 

ingot, w hich have different grain size and the am ount o f  grain boundary- eutectic phases result 

from different solidification rates. The procedures o f  the test are:

■ Heat the specimen to 850°F (454°C) at 324°F/min (3°C/sec)

■ Hold for 10 minutes at 850°F (454°C)

■ Cool the specimen to the testing tem perature at 324cF/min (3°C/sec)

■ Stabilize for 2 minutes, and then test to failure

■ Record the stress-strain curve

The testing tem peratures were chosen to be 800CF (427CC). 600CF (316°C). 400°F (204CC). 

and 200°F(93°C).

2. On-cooling tensile test at room temperature with natural air cooling

The purpose o f  these tests are to compare the difference between surface and center o f  the Al- 

7050 as-cast ingot, which have significant difference in grain size and amount o f eutectic 

phases. The procedures o f  the test are as following:

■ Heat the specimen to 850°F (454°C) at 324°F/min (3°C/sec)

■ Hold for 20 minutes at 850°F (454°C)

■ Take the specimen out o f  the furnace, let it naturally cool to room tem perature in lab air

■ Conduct the tensile test at room tem perature

■ Record the stress-strain curves

The specimens were sectioned from both the surface and the center o f  Al-7050 as-received

4 6
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ingot.

3 On-cooling tensile test at elevated tem peratures with different cooling rates

The purpose o f  these tests is to investigate the effect o f  the continuous cooling on the 

mechanical properties o f  Al-7050 All specim ens used in these tests were sectioned from 

center o f  Al-7050 as-cast ingot. It consists o f  three kinds o f  tests

1) Continuous cooling effect on mechanical properties at 400CF (204CC) The procedures are 

as following

■ Heat the specimen to 850°F (454°C)

■ Hold for 10 minutes

■ Cool the specimen to 400°F (204°C) at three different rates, namely. 324°F/min (3 cC/sec).

150°F/m in(l 39°C/sec). 50°F/min (0.46°C /sec)

■ Stabilize for 2 minutes, and then test to  failure

■ Record the stress-strain curve

2) Continuous cooling effect on mechanical properties at 200CF (93CC) The procedures 

consist o f tw o steps o f  cooling, shown as following:

■ Heat the specimen to 850°F(454CC)

■ Hold for 10 minutes

■ Cool the specimen to 400°F(204°C) at 200°F/min (1 85°C/sec)

■ Cool the specimen to 200°F(93°C) at three different rate, namely. 50°F/min (0.46°C/sec).

30°F/min (0 28°C/sec). 10°F/min (0 09°C/sec)

4 7
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■ Stabilize for 2 minutes, and then test to failure

■ Record the stress-strain curve

3) O n-cooling plus aging effect on mechanical properties at 200CF (93CC) The procedures,

which consist o f  two steps o f  cooling and a series o f  time periods o f  aging, are as

following:

■ Heat the specimen to 850°F(454°C)

* Hold for 10 minutes

■ Cool the specim en to 400CF (204°C) at 200cF/min (or I 85°C/sec)

■ Cool the specim en to 200°F (93°C) at 50°F/min (or 0 46°C/sec)

* Hold the specimen at 200CF (93°C) for a series o f  time periods, namely. 1 minute. 10 

minutes. 30 minutes, and 60 minutes

■ Tensile test to failure

■ Record the stress-strain curve

6 14  Isothermal Aging and Hardness Test

For the same o ther conditions, the hardness o f  the material qualitatively reflects the amount and 

morphology o f  precipitates within the grains. A series o f  isothermal aging and hardness test were 

performed to qualitatively investigate the precipitation reaction at different temperatures. The 

procedures are show n as following:

(1) Samples were all sectioned from center o f  ingot:

(2) Heat the sample to 850°F(454°C).

4X
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(3) Hold for 10 minutes;

(4) Water quench;

(5) Heat the specimen to the aging tem peratures;

(6) Hold for a series o f  time periods;

(7) Water quench;

(8) Measure the hardness o f  the material.

(9) Record the hardness and aging time for all aging temperatures;

Step (2) to (3) dissolve the precipitates within grains. The precipitates will reappear during the 

aging by step (4) to (5). The amount and morphology o f the precipitates depend on the aging 

temperature and aging time The precipitation conditions are “frozen" by water quenching in step

(6) to the room temperature, and represented by the measured hardness.

6 15 ON-COOLING FRACTURE TO UG H N ESS TEST

Conventional K;<- tests based on the ASTM  standard E-399 w ere performed at room temperature 

to investigate the fracture toughness o f  as-cast ingot The specimens were cut from surface and 

center o f Al-7050 ingot. In order to eliminated the natural aging effect o f  the ingot material, all 

specimens were heated to 850°F (454°C). held for 20 minutes and natural cooled at ambient 

temperature before tested.

4y
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6.2 RESULTS A ND DISCUSSIONS

6.2.1 TENSILE PROPERTIES OF AS-RECEIVED MATERIAL

Table 6 1 shows the strength o f  as-received material measured as a function o f  location at room 

temperature. All specimens were failed intergranularly. with nil elongation. The fracture strength 

decreases as the distance from ingot surface increases as shown in Figure 6 2.

Table 6 1: Fracture strength vs location

Location Distance from surface (in) UTS(ksi)
Surface 0 47.3

2" from surface 2 45.4
3.5” from surface 3.5 40.1

Center 7.5 35.5

50 0

4 5 0

4 0 0

35 0

3 0 0

2 5 0

20 0
0 3 54 6 8t

Distance From Surface(in)

Figure 6.2: Fracture strength o f  specimens sectioned from as-received ingot pieces

6 2 2 NATURAL AGING EFFECT

Table 6.2 shows the tensile properties m easured for the natural aged specimens Both vield
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strength and ultim ate tensile strength increase with the aging time at ambient temperature, as 

shown in Figure 6.3 In addition, the difference between the tensile strength and the yield 

strength, i.e. strain hardening, decreases with increasing aging time. The material becom es more 

brittle as the alloy strength increases This brittle-tendencv is also shown by the decreasing o f  the 

elongation, as seen in Figure 6 4

Table 6 2: Natural aging effect

Ingot Center Ingot Surface
Time (hr) YS (ksi) UTS(ksi) Elong(% ) Time (hr) YS (ksi) UTS(ksi) Elong(°o)

0.5 I 1 24.5 4.84 0.5 12.5 32 0 9 77
-» *>
J  J 23 5 29 7 1.00 48 29 37.8 I SS
146 26 27 2 0.19 179 31.6 4 1 4 2 03
486 30.3 31.0 0.18 511 34 38 4 0 54

40
UTS. Surface

UTS. Center

VS. Surfaci20

YS. Center

0 1 10 100 1000

Aging Time (hour)

Figure 6 .3: The effect o f  natural aging on material strength
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Figure 6 4: The effect o f  natural aging on elongation

By comparing Figures 6 2 and 6 3. the tensile properties o f  as-received material are similar to 

those o f  the specimen with a long natural aging time o f  486 hours. These results indicate that the 

mechanical properties o f  as-received materials measured are the combination effect o f  the cooling 

during ingot casting and the natural aging afterward The on-cooling tensile tests are thus 

required to eliminate the natural aging effect.

Further more, remarkable difference between surface and center o f  Al-7050 ingot can be seen 

from the results. Under the same aging time, the specimens from surface have higher strength and 

elongation than those from center. This is due to the finer grain size at ingot surface than ingot 

center.
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6 2 3 O N-COO LING  TENSILE TEST

1) On-cooling tensile tests at elevated tem peratures with fast cooling

Table 6 3 and 6 4 lists the results o f  on-cooling tensile tests at elevated temperatures with fast 

cooling. For all three locations o f  ingot, namely surface. 2 inches from surface and center, which 

representing three different solidification rates, namely. 45°F/min (0 4 K/sec). lS7cF/min (1 7 

K sec) and 524°F/min (4.9 K/sec). both yield and tensile strengths decreased as testing 

temperature elevated, as shown in Figure 6.5 and 6 6 By comparing the strength o f  specimens 

from different locations o f  the ingot, the effect o f  solidification rate can be seen Yield strength 

decreased as the solidification rate decreased.

As shown in Figure 6.7. specimens from center showed higher elongation than those from surface 

at elevated tem peratures, which is different from room temperature. The difference increased as 

temperature increased. There are two reasons causing this difference in ductility. Low yield 

strength at the center location can result in a high elongation, if the fracture strength remains the 

same. It requires more plastic deformation to strain harden the lower yield strength to fracture. 

The other factor, which is more significant at higher temperatures, relates to the strain softening 

during plastic deformation. Figure 6.8 shows the stress-strain curves tested at 600CF (3 16°C ) 

Although with a lower yield strength, the material from the center shows more resistance to 

softening under stress, while the surface material failed soon after the softening occurred.
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Table 6 3: Strength at different ingot locations at elevated temperatures

Surface 
(4.9 K/sec)

2 in from surface 
(1.7 K/sec)

Center 
(0.4 K/sec)

Temp(F) YS(ksi) UTS(ksi) YS(ksi) UTS(ksi) YS(ksi) UTS(ksi)
200 19.5 31.2 13.4 29.8 12.5 24.4
400 16.0 24.5 12.6 22.8 11.0 23.8
600 14.5 16.3 10.2 10 7 8.5 10 2
800 12.5 14.0 7 3 7 5 5 5 6 0

X su rf (4.9K /sec) ■  2 in (1 7K/sec) O cent (0 4K/sec)

Temperature (K)

311 361 411 461 511 561 611 661 711

160

140

120

100

0
100 200 300 400 500 600 700 800 900

Temperature (F)

Figure 6.5: Yield strength at different ingot locations at elevated tem peratures
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Xsurf (4.9K/sec) ■2i n( 1  7K/sec) Ocent (0 4K/sec)

Temperature (K)

311 361 411 461 511 561 611 661 711
35

160
30

140

25 120

10020

8015

60
10

40

5 20

0 0
100 200 300 400 500 600 700 800 900

Temperature (F)

Figure 6.6: Tensile strength at different locations at elevated temperatures

Table 6 4: Comparison o f  elongation between center 
and surface at elevated temperatures

Temp (°F)
Elongation (%)

Center surface
200 3.2 2.8
400 13.1 9.6
600 43 9 12.0
800 66.9 12.0
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Temperature (K)

311 361 411 461 511 561 611 661 711
80 0

70 0 center

60 0 - surface

50 0

= 40 0 
o>

20 0

100 200 300 400 500 600 700 800 900

Temperature (F)

Figure 6.7 Elongation at elevated tem peratures for center and surface

surface

center

0 0 1 0 2 0 3 0 4 0 5 0 6

Strain (in/in)

Figure 6.8: Stress-strain curves at 600°F for surface and center 

2) On-cooling tensile test at room temperature with natural air cooling

Table 6 5 lists the tensile data measured by on-cooling tensile test at room temperature with 

natural air cooling. Material at surface o f Al-7050 ingot has higher strength and elongation than 

that from ingot center at room temperature, as shown in Figure 6.9 Higher strength at ingot 

surface is caused by finer grain size and less am ount o f  eutectic phases. The grain boundary 

eutectic phases increase the brittleness o f ingot material at room temperature Failures for both

5 6
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ingot surface and center are intergranualv. as shown in Figure 6 10 Tensile ductility at room 

temperature descreases with increasing amount o f eutectic phases, which is shown by the higher 

elongation at ingot surface than ingot center.

Table 6.5: Tensile properties o f  Al-7050 at room tem perature

Location YS(ksi) UTS(ksi) Elongation(%)
C enter 18 27.8 15
Surface 20 30.7 2.1

3.5 

3

2.5 

2

1.5 

1

0.5 

0
YS UTS Elongation

Figure 6.9: Tensile properties o f  as-cast Al-7050 at room temeprature

□  center
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(a) (b)

Figure 6.10: Fracture surface o f  on-cooling tensile test for as-cast Al-7050 ingot at room 
tem perature : (a) specimen from  ingot surface; (b) specimen from ingot center

3) On-cooling tensile test at elevated tem peratures with different cooling rates 

i) Continuous cooling effect at 400°F

Table 6 6 shows the results o f  on-cooling tensile tests with different cooling rate at 400CF 

(204aC). Tensile properties o f  Al-7050 have no significant change with different continuous 

cooling rates from 850°F (454°C) to 400°F (204°C). as seen in Figure 6 11. This indicates that 

precipitation during this period was not significantly affected by the cooling rates

Table 6 6: Tensile properties o f  Al-7050 ingot center at 400CF 
with different continuous cooling rates

Rate (F/min) YS(ksi) UTS(ksi) Elongation(0/0)
324 11.6 24.9 6.85
150 13.3 23.5 7.87
50 12.5 23.9 7.17
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Cooling Rate (K/sec)

0 0 5 1 1 5 2 2.5 3 3.5 4 4.5
30

25
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- - O - - YS 

 *  UTS
— — Elong5

0
0 50 100 150 200 250 300 350 400 450 500

Cooling Rate (F/min)

Figure 6 11 Tensile properties o f  Al-7050 ingot center at 400°F with different continuous cooling

rates

ii ) Continuous cooling effect at 200°F

Table 6 7 lists the results o f  on-cooling tensile tests with different cooling rate at 200CF (93°C) 

With the same cooling rate (200°F/min o r 1.85°C/sec) from 850°F (454CC) to 400CF (204CC). the 

yield strength increased about 2 ksi as cooling rate from 400°F (204°C) to 200°F (93CC) 

decreased from 50°F/min (0.46°C/sec) to 10°F/min (0.09°C/sec), as shown in Figure 6 12. This 

indicates that during the temperature range between 400°F (204CC) and 200CF (93°C). amount o f  

precipitates increases as cooling rate decreases. Elongation shows the trend of decreasing with 

decreasing o f  cooling rate, which may because part o f  the precipitates formed along grain 

boundaries and increased the brittleness o f  the material. Tensile strength is defect-sensitive and 

does not show significant trend in the testing results.
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Table 6 7: Tensile properties o f  Al-7050 ingot center at 200CF
with different continuous cooling rates

Rate (F/m in) YS(ksi) UTS(ksi) Elongation(% )
50 12.8 23.8 2.56
30 14.6 2.65
10 15.2 24.2 2.15

C o o lin g  R ate (K/sec)
0 00 0 10 0 20 0 30 0 40 0 50

30

25

_  20

10 o  - -rs
-A  UTS

-♦  — Elong5

0
0 30 5010 20 6040

C o o lin g  R ate  (F/min)

Figure 6.12: Tensile properties o f Al-7050 ingot center at 200CF w ith different continuous cooling
rates

iii) Continuous cooling plus aging effect at 200GF

Table 6.8 lists the results o f  on-cooling tensile tests after continuous cooling plus aging at 200°F 

(93°C). Aging time at 200°F (93°C) affected the yield strength o f  Al-7050 as-cast material, as 

shown in Figure 6.13. However, the increase slowed down for aging time longer than 30 minutes.

r,o
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Table 6.8: Tensile properties o f  Al-7050 ingot center at 200°F
with different aging time

Time (min) YS(ksi) UTS(ksi) EIongation(%)
1 12.8 23 8 2.56

10 15.2 25.9 2.70
30 15.8 26.3 2 32
60 15.7 25.6 2.54

 • ------ YS
 ■ ------ UTS

- - ■& - -Elong

£  20 Dl
-A

*- uj

10 1000100
Time (min)

Figure 6.13: Tensile properties o f  Al-7050 ingot center at 200°F with different aging time

6 2 4 ISOTHERMAL AGING HARDNESS

Table 6.9 shows the results o f hardness measured after a series o f  isothermal aging treatm ent for 

Al-7050 ingot section from same location. In contrast to  homogenized wrought material, 

precipitation reaction was not remarkable because large am ounts o f  solution elements were 

segregated along the grain boundary instead o f  dissolved within grains. Besides, as shown in 

Figure 6 14, precipitation mainly occurs at lower temperatures. When temperature was higher 

than 400°F (204°C). the material showed little hardening with aging time This coincides with the 

results from the on-cooling tensile test, which indicates that material behavior is mainly
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tem perature dependent when above 400°F (204°C). Precipitation effect was most significant at 

200°F (93°C) or lower, as shown in the hardness curves.

Table 6 9 Hardness o f  Al-7050 ingot center measured after different time 
aging at different temperatures

Time(min) 1 10 20 30 60 90
T=200°F/93°C 66 6 76.2 78.1 8 1 5 86.4 87 0
T=300CF/149°C 66 6 83.5 84.1 85.1 87 1 9 1 4
T=400°F/204°C 66.6 83.2 85 3 86.9 85 7 S3 0
T=500°F/260°C 66 6 75.5 71 4 72.5 67 8 67 3
T=600°F/3 16°C 66 6 66.1 6 1 0 60.5 58 4 58 1
T=700°F/371°C 66 6 58 2 57 0 56 7 53 6 52.9
T=800°F/427°C 66.6 62.7 56.6 56.2 60.1 61.8

Hardness unit: HRE

O 200F/93C ■  300F/149C A 400F/204C X 500F/260C
X 600F/316C O  700F/371C ■  800F/427C

100

90 - -

LU

§  80 - -

70 - -

X —60 - -
m

1 10 100
Aging Tine (min)

Figure 6 14: Hardness o f  Al-7050 ingot center measured after different time aging at different
temperatures
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6 2 5 FRACTURE TOUGHNESS

Table 6.10 lists the results o f on-cooling fracture toughness o f  A l-7050 ingot at surface and center 

locations. M aterial from center o f  A l-7050 as-cast ingot has less fracture toughness than that from 

ingot surface at room temperature, as shown in Figure 6 15 This also indicates that the amount o f 

grain boundary eutectic phases affects the fracture toughness o f  the ingot material. At room 

temperature, fracture toughness decreases as amount o f  eutectic phases increases.

Table 6 10: Fracture toughness o f  Al-7050 as-cast ingot at room temperature

Location Center Surface
Fracture Toughness

(ksi-Vin) j 10.8 12.8

c e n te r  su r fa c e

Location

Figure 6.15: On-cooling fracture toughness results o f  Al-7050 as-cast ingot

6.3 SUM M ARY

In this chapter, thermo-mechanical properties o f  as-cast Al-7050 ingot material w ere measured 

through a series o f  testing methods designed to identify and eliminate the natural aging effect on

6 .’

sr 130

«  120

( ftIAO
= 110
O)3oh-
o 100

o
9 0
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the as-received ingot pieces and simulate the as-cast conditions during ingot casting. The effects 

o f  tem perature and solidification rate w ere obtained through a series o f on-cooling tensile tests 

with fast cooling for specimens sectioned from three typical locations from ingot which 

experienced three different solidification rates during casting. Strengths of the m aterials decreased 

with increasing temperature for all three locations. At the same temperature, material with lower 

solidification rate showed lower strengths.

The effect o f  precipitation reaction resulted from continuous cooling was studied through two- 

step on-cooling tensile test, and isothermal aging and hardness test. Results show that material 

properties are mainly temperature dependent at higher tem perature range (above 4 0 0 CF/204CC) 

At lower tem perature (below 400°F/204GC), yield strength increases as cooling rate decreases. 

Precipitates formed by aging effect when the specimens w ere held at 200°F (93CC). T he strengths 

increases with longer aging time

Room tem perature fracture toughness o f  as-cast Al-7050 ingot material was investigated through 

on-cooling fracture toughness tests. Due to the higher am ount o f  eutectic phases formed in the 

center because o f  the slower solidification rate during casting, ingot center shows low er fracture 

toughness than ingot surface. This result coincides with the phenomena of ”up-the-center ' crack 

often occurred in ingot casting. In order to establish the cooling dependent constitutive model, 

results from on-cooling tensile tests will be further discussed and expressed quantitatively in 

Chapter 7. based on which a cooling-dependent constitutive model will be established.

6 4
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CHAPTER 7 

CONSTITUTIVE M ODELING

In contrast to the hom ogeneous characteristics of wrought materials, as-cast Al ingots show a 

significant variation o f  mechanical properties from location to location The experiment results 

shown in previous chapters indicate that the grain size, the amount o f eutectic phases, and the 

amount o f precipitates play im portant roles on the mechanical behavior o f the cast material. They 

have different effects on strength, tensile ductility, and fracture toughness A qualitative summary 

which shows the influence o f  various microstructure parameters and temperature on the 

mechanical properties o f  as-cast materials is given in Table 7 1 All the microstructure parameters 

listed here are determined by the cooling histories during the casting, which makes it possible to 

relate the cooling rate o f  the casting process with the mechanical properties o f  the casting ingot in 

the constitutive model. Tw o cooling portions, i.e. solidification rate and continuous cooling rate, 

will have various impacts on the as-cast properties

Table 7 1: Qualitative effects o f  various microstructure parameters and temperature on as-cast
mechanical properties

Strength Tensile Ductilitv Fracture Touuhness
Smaller Grain Size 

& Less Eutectic Phase
* * (Low Temperature) 

-  (High Temperature)
* (Less Eutectic Phase)

More Precipitation * - -

Higher Tem perature - -r 0

improve, reduce, not clear so far)

6 5
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7.1 TEM PERATU RE EFFECT

Tem perature is a very important factor determining the mechanical properties o f Al-7050 ingot 

As shown in above results, the higher the temperature, the lower the strength o f  the material 

Furthermore, at elevated temperatures, ingot material behaves much different from that at room 

temperature. The failure o f  the material transferred from intergranular brittle fracture to ductile 

fracture for testing above 400°F (204°C). The strain hardening decreases rapidly as tem perature is 

elevated.

♦  M easurem ent-4  9 K /sec Calculation—4 9 K/sec

» M easurement—1 7 K / s e c ------------ Calculation—1 7 K se c
□ M easurem ent-0 4  K / s e c .................Calculation-0 4 K 'sec

25

20

15

10

' s5

0
200 400 600 800

Temperature (K)

Figure 7 1: Tem perature effect on yield strength o f  A l-7050 as-cast ingot

Figure 7.1, replotting the results o f on-cooling tensile tests, shows the temperature effect on the 

yield strength o f  Al-7050 as-cast ingot. Unit o f  temperature used Kelvin For each solidification

f>6
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rate, the relations between the yield strength and temperature can be described as Equation 7 1 

Table 7.2 show s the values o f  the regression constants for different solidification rates

cri = (T, ^ -r r :  •  ln( 1 -  (Hqn 7 I )
^ m

where.

cs\ yield strength o f the material, unit is ksi 

Cri . Crc: regression constant, unit is ksi 

T current temperature o f  the material, unit is K 

Tm: solidus o f  A1 7050. 796.9K (975°F)

Table 7 2: Regression constants C n and CT? for different 
solidification rates

Solidification Rate (K /sec) 4.9 1.7 0.4
Or, (ksi) 20.944 16.134 15.251
Ct? (ksi) 4.276 4.229 4.725

7.2 SO LIDIFIC ATIO N  EFFECT

The cooling rate during solidification determines the grain size and the amount o f grain boundary 

segregation. A fast solidification rate occurs on the ingot surface, at which a fine grain size and a 

less am ount o f  eutectic phases are resulted. Correlate the solidification rate and yield strength. 

Table 7 3 and Figure 7 2 can be obtained. Relation between yield strength and solidification rate 

was assum ed to be linear, which can be expressed as Equation 7 2. Table 7 4 shows the values o f  

regression constants for different tem peratures.

6 7
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<J,. = ( ~ ( • / ’ ( E q n 7  2)

where.

cs\ yield strength o f  the material, unit is ksi 

Csi regression constant, unit is ksi 

C , v  regression constant, unit is ksi*sec/K

T  solidification rate, unit is K/sec

Table 7 3 Yield strength o f Al-7050 as-cast ingot with different 

solidification rate at different temperatures

Yield Strength (ksi) Rate (K/sec)
4.9 1 7 0 4

Tem p=366 3K 19.5 13 4 12.5
Tem p=477 4K 16 12.6 1 1
Tem p=588.6K 14 5 10.2 8 5
Tem p=699 8K 12.5 7.3 5 5
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♦  M easurem ent-Tem p=366k ------------- Calculation-Temp=366 3K
* M easurem ent-T em p=477K ------------Calculation-Temp=477K

X M easurem ent-T em p= 588K ..................Calculation~Temp=588K

O M easurem ent-Tem p=699K —   Calculation-Temp=699K

25

20

15

10

5

0
0 51 2 3 64

Solidification Rate (K/sec)

Figure 7 2 Solidification rate effect on yield strength o f  Al-7050 as-cast ingot at different
temperatures

Table 7 4: Regression constants Csi and C :  for different temperatures

Temperature (K) 366.3 477.4 588.6 699.7
C i (ksi) 11.290 10.585 7.898 4.712

C :  (ksi*sec/K) 1.645 1.120 1.356 1.593
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Combining the effects o f both solidification rate and tem perature, the relation can also be 

described as Equation 7 3

/'
crv = ( : - (  . • 7 -  ( \  - In( 1 -  — ) (Eqn 7 3)

 ̂m

where.

yield strength o f the material, unit is ksi

Ci regression constant, with the value o f  14 1 ksi

Cy regression constant, with the value o f  1 429 ksi*sec/K

CY regression constant, with the value o f  4.41 ksi

solidification rate, unit is K/sec

T current temperature o f  the material, unit is K 

T solidus o f  Al-7050. 797K

7.3 CONTINUOUS COOLING EFFECT

Continuous cooling mainly determines the precipitation reaction o f  as-cast materials The slower 

the cooling rate is. the more the precipitates form The effects o f  precipitates on the mechanical 

properties o f  as-cast materials can be qualitatively seen from the effect o f  natural aging M ore 

precipitates formed will result in higher strength and lower ductility and cracking resistance The 

decreasing in ductility and cracking resistance is caused by the formation o f precipitates along 

grain boundaries.

70
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As mentioned in Chapter 4 and Chapter 6. continuous cooling o f  Al-7050 ingot can be further 

divided into four parts: I) from 850°F (454°C) to 400°F (204°C); 2) from 400°F (204°C) to 

200CF (93°C), 3) 200CF (93=C) to room  temperature; 4) aging at room temperature Continuous 

cooling rate effects are different during these cooling periods As the results show, precipitates do 

not significantly form during the cooling period from 850°F (454°C) to 400°F (204°C) for Al- 

7050 as-cast ingot material. This indicates that at the tem perature range above 400CF (204°C). the 

material properties o f  the ingot are mainly temperature dependent, and the effect o f  continuous 

cooling rate is negligible. During the cooling period from 400°F (204CC) to 200CF (93~C). slow 

cooling rate starts to affect the amount o f  precipitates, as shown by the increasing o f the yield 

strength o f  the material. After the ingot material reaches 200°F (93°C). it will take hours to cool 

the cast ingot to  room temperature During this period, the strengths o f  the material are increased 

by the aging effect. However, this aging effect is not as pronounced as the isothermal aging after 

quenching. The cooling rate during casting is much slower than quenching for most portions o f  

ingot and much less solid solutions o f  alloy elements retained within grains. Thus, the strength o f  

the material soon reaches maximum after about 30 minutes o f  aging in the two-step-on-cooling- 

and-aging tests, as shown in Figure 6.17 The fourth period w as not further studied because in 

most cases during production, the cast ingots will be sent for further heat treatment (stress relief) 

or remelted ( if  cracked) before they reach to room temperature.

The relation betw een cooling rate from 400°F to 200CF and yield strength o f the material is 

decribed as Equation 7 4. The calculated curve is shown in Figure 7 3
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CT% yield strength o f the material, unit is ksi

C i regression constant, with the value o f  8 15 ksi

C: regression constant, with value o f  11.206 ksi/ln(K/sec)

/' continuous cooling rate from 477 4K(400CF) to 366 3K (200“F). unit is K/sec

18

+  M easurement 

 Calculation16

2 14

12

10
0 0.2 0.4 0.6 0.8

Continuous Cooling Rate (K/sec)

Figure 7 3: Effect o f  continuous cooling rate from 400CF to 200°F on yield strength o f  center o f
ingot

The effect o f  aging at 200°F after cooling from 400°F at 50°F/min on the yield strength o f  the 

material is decribed as Equation 7.5. The calculated curve is shown in Figure 7.4.

o \ = k  ■ ln (/)-c r ., (E q n 7  5)
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where.

crv yield strength o f the material, unit is ksi 

ct,. strength constant. = 13 026 ksi 

k: constant. =0.755 ksi/ln(minute) 

t aging time at 200°F. unit is minute

18

16

14

+  M easurem ent 

 Calculation12

10
1001 10

Aging time (minute)

Figure 7 4: Aging effect at 200°F after cooling from 400°F at 50°F/'min

Applying Equation 7.4 into 7 3 by assuming the equation is suitable for every locations o f  ingot, 

which needs to  be improved by more testing for other locations other than just center, a general 

description o f  yield strength considering both solidification rate and continuous cooling rate is 

obtained, shown as Equation 7 6.
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T
f  a v = ( \  + r ,  ■'/; + (", - l n ( l - — ) for 477 4K < T< 796 9K

< (Eqn 7 6)

v  --   r° \  = * ln( 1 - in(2 -  7 ) for 366.3K < T < 477 4K

Where.

a \ : yield strength o f  the material, unit is ksi

Ci regression constant, with the value o f 14.1 ksi

C: regression constant, with the value o f 1.429 ksi*sec/K

C regression constant, with the value o f 6.95 ksi

Cy. regression constant, with the value o f 4.41 ksi

C-4: regression constant, with the value o f 11.206 ksi/ln(K/sec)

I\ : solidification rate, unit is K/sec

T continuous cooling rate from 477 4K (400°F) to 366 3 (200CF). unit is K/sec 

T : current temperature, unit is K

7.4 M O DELING  OF PLASTICITY

In order to be applied to the constitutive modeling, the deform ation behavior model o f  as-cast 

material has to be selected first according to the experimental results
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Strain hardening o f as-cast A l-7050 ingot material decreased rapidly as tem peratures elevated At 

temperature above 600GF. material showed little strain hardening. Therefore, tw o models were 

adopted to describe the uniaxial deformation behavior for different tem perature ranges Elastic- 

linear work-hardening model [38] was applied for tem perature below 600°F. while elastic-perfect- 

plastic model [38] was used for tem perature above 600CF.

In the elastic-Iinear-work-hardening model, the continuous stress-strain curve is approximated by 

two straight lines, which can be expressed as Equation (7.7a) and Figure 7 6(a)

G  * *
(  £' = --------  for a< c \(  T. 7 .7 )i-xn
J (Eqn 7 7a)

<7 1 *
& = --------------------(cr -  o  ) for a><3v( /. 7 . 7 )

^  FAT) EAT)

where.

E Y oung's modulus, which is the functions o f  tem perature T.

E( slope o f  strain-hardening range, which is the function o f  temperature T;

a s yield strength o f the material, which is the function o f  temperature /'. solidification rate

• •
7\ . and continuous cooling rate from 400°F to 200°F. 7' .

Strain-hardening is neglected in the elastic-perfect plastic model . which can be expressed as

Equation (7 7b) and Figure 7 6b
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£•' = - G for cr<crv( T. T . T )
E(T)  ' -

<
(Eqn 7 7b)

o  *
£ = --------  /. tor a = a v( /'. T . 7  )

/•:(/)

where.

E Y oung 's modulus, which is the functions o f  tem perature T.

cr% yield strength o f  the material, which is the function o f  temperature T. solidification rate

• *
7' . and continuous cooling rate from 400CF to 200°F. T .

k is a non-zero scalar

n

(a) (b)

Figure 7 5: Plasticity model (T i<T:): (a) Elastic-linear work-hardening model, (b) Elastic-perfect
plastic model

Y oung 's modulus measured at different temperatures are shown in Table 7 5 [39] Compared 

with the data in other literatures [41], the trend can be described as Equation (7.8). The fitting 

curve is shown in Figure 7 7
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Table 7.5: Young's modulus at different temperature

Tem perature Y oung's m odulus (Mpsi)
70°F(294. IK) 7 24

200CF(366.3K) 11 70
400°F(477 4K) 9 71
600°F(588 6K) 5 92
800°F(699.7K) 6.56

f i (T)  = ■ l n ( I - ^ - )  (Eqn 7 8)
m

where.

E. elastic modulus, unit is Mpsi 

T current tem perature o f  the material, unit is K 

Tn, : solidus o f  Al-7050. Tm =7%  9K (975°F)

C |. CV regression constants. C| = I3 08 Mpsi. C^=3 644 Mpsi

14 

12 

10 

<7> 8Q.
s
S  6

4

2 
0

200 300 400 500 600 700 800

Temperature (K)

Figure 7 6: Relation o f elastic modulus with temperature

E,(T) for elastic-linear w ork-hardening model can be obtained through regression analysis for the

stress-strain curves measured in on-cooling tensile tests, in which slopes were calculated for the

7 7

♦  M easurem ent 
♦  Calculation

♦

♦
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data in the hardening range o f  the curves. Table 7 6 shows the results calculated for the specimens 

for the ingot surface and center tested  at different tem peratures. E, for tem peratures above 600°F 

is set to be zero Averages o f  the tw o locations were used for the following numerical thermal 

stress simulation The values w ere linearly interpolated for the intermediate tem peratures

Table 7 6: Tangential modulus Et at different temperatures

Tem perature E, (ingot center) 
Mpsi

E, (ingot surface) 
Mpsi

Average
Mpsi

70°F(294.1K) 1.539 1.716 1 627
200°F(366.3K) 1.174 1.032 1 103
400°F(477.4K) 0.291 0.248 0 269
600°F(588.6K) 0 0 0

7.5 INC R EM EN TAL STRAIN-STRESS RELATION

Based on the plasticity models, a therm o-elastic-plastic constitutive model can be established. For 

the convenience o f  its application in the finite element modeling, the strain-stress relation will be 

described in the incremental form. The constitutive model is based on classical small deformation 

theory, i.e.. the total strain increment can be assumed as the superposition o f  the elastic strain 

increment, plastic increment, and thermally induced strain increment, which can be written as.

d z  -  d z 1 * d z -  d z  (Eqn 7 9)

in which, ds is the total strain increment. dsc is the elastic strain increment. dep is the plastic strain 

increment which is non-zero only when plastic deform ation occurs, d s 1 is the thermal strain 

increment.

7X
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7 5 1 ELASTIC STRAIN-STRESS RELATION

According to H ooke’s law, elastic strain-stress relation can be expressed as.

, 1 - r -  V , I -  2 V' . _ _ , ^
  d s ,.----------- dcr , 0 (Eqn / 10)

/•; •' 3/-;

in which, v is poisson ration, ds,, is deviatoric stress increment E is expressed by Equation 7 8

7 5 2 PLASTIC STRAIN-STRESS RELATION

Von Mises model (J; Theory) is adopted to describe the plastic strain-stress relation for the as- 

cast aluminum alloy The von M ises yield criterion can be expressed as

/  = yJdT - k  = 0  (Eqn 7 11)

where.

J: is invariant o f  the stress deviator tensor which can be written as.

./. = y,.v., (Eqn 7 12)

k is the yield strength in pure shear, and can be expressed by uniaxial yield strength c \ in 

Equation 7.7(a) and 7 7(b) as.

a
k  = (Eqn 7.13)

V 3

Based on the von Mises yield criterion, the incremental stress-plastic strain relations for elastic 

linear work-hardening and elastic-perfectly plastic can be derived as following Equation (7 14a) 

and (7 14b) [38], respectively.
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For material at tem perature below 600°F. elastic-linear work-hardening plastic stress-strain 

relation will be used, which can be expressed as Equation 7 14a.

d c p = - —— ( ^ 1 )  (Eqn 7 14a)
' A E  E. ■' ./.

where.

E elastic modulus, which is the function o f  tem perature T described in Equation 7 8.

E, slope o f strain-hardening range, which is the function o f temperature T described in 

Table 7 6.

s„ : stress deviator tensors.

For material at temperature above 600°F. elastic-perfect plastic stress-strain relation will be used, 

which can be expressed as Equation 7 .14b

j e p = (Eqn 7 14b)
2k-

where.

s„. Sn,n stress deviator tensors; 

emn strain deviator tensors.

k is decribed in Equation 7 12. which is also a function o f  temperature / ’. solidification rate

• •

/' . and continuous coolinu rate  from 400°F to 200°F. T

7 5 3 THERMAL STRAIN INCREM ENT

Thermal strain increment can be calculated by Equation 7.15.

de\ -  a  ■ d T  ■ S.. (Eqn 7

so
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in which, a  is the coefficient o f  thermal expansion o f  the material. dT is tem perature increment. 5„ 

is the K ronecker svmble

7.6 SU M M A RY

In this chapter, yield strength o f  Al-7050 as-cast ingot material was expressed as the function o f 

tem perature and solidification rate. The elastic modulus and tangential modulus were described as 

the functions o f  temperature Based on these relations, a thermal-elastic-plastic constitutive model 

was established, in which the elastic-linear strain hardening model was adopted to describe the 

behavior o f  ingot material at tem perature below 600°F (3 16°C) and elastic-perfectlv plastic model 

for material at temperature above 600°F (3 l6 aC). Incremental stress-strain relation was derived 

The total strain increment w as the superposition o f  the elastic, plastic and thermal strain 

increment. The Equations (7 10). (7.14). and (7 15) o f  the constitutive model can be employed 

into the stress analysis either seperatelv through commands ELASTICICY. PLASTICITY, and 

THERM AL EXPANSION in ABAQL'S [28] . or through user subroutine provided by 

ABAQUS to describe the material behavior The former method was adopted in the following 

thermal stress calculation. The latter one is more flexible but more complicated to be fulfilled.

si
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CH APTE R 8

FINITE ELEM ENT T H ERM AL STRESS M O D ELIN G

8.1 FEM M O D ELIN G  PROCEDURE

A general finite element modeling system is schematically described by the flow chart in Figure 

8 1 [40], The model is first meshed using the desired type o f  elements, which have certain physical 

and mechanical properties. For non-linear problems, the load is applied incrementally For each 

incremental loading, iterations are employed to calculate the responses o f  the material The 

stiffness matrix is recalculated for each iteration, and convergence is determined according to a 

preset criterion If  the convergence is reached, the program proceeds to the next increment After 

all increments are finished, the calculation is complete and results are output

Many com mercial finite element modeling (FEM ) packages are available ABAQL'S was one o f  

the most powerful codes for nonlinear calculations at the time o f  this research. The procedures o f 

modeling in ABAQUS are shown in Figure 8.2. An input file has to be provided by the user to 

define the meshing scheme, material properties, load, boundary conditions, initial conditions, etc 

ABAQUS compiles and implements the iterations as described above, and the convergent results 

are output. The post processor of ABAQUS can also read these results and converts them to 

graphic form ats such as profiles and curves.
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r o l l i n s i  f a c e

c o m p u t a t i o n a l  d o m a i n

a l u m i n u m  i n g o t

Figure 8 3: Computational domain

8.2 COMPUTATIONAL DOMAIN

Because o f  the symmetry o f  the ingot, it is possible to use a two-dimensional model to represent 

the most critical part o f  the ingot, which is the longitudinal cross-section at the center o f  the 

rolling faces where most “up-the-center" cracks occurred. The computational domain is shown in 

Figure S 3

8.3 BOUNDARY CONDITIONS

As shown in Figure 8 4. the meshing o f  the model is according to the distribution o f 

thermocouples and the time steps in the temperature profile measurement. The liquid part o f  the 

cross-section was neglected to simplify the problem. Only half o f the cross-section was considered

8 4
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due to symmetry " Slider" restraints were put on the center-line which only allowed the boundary 

to move in the Y-direction. The top. bottom and right side o f  the model are free o f  restrain The 

weight o f  the material itself w as not considered to simplify the calculation.

Plane strain approximation w as employed in the two-dimensional model In real life, the cross- 

section in the com putational domain is not exactly under a plane strain condition, because the 

material layer adjacent to it will shrink as well during cooling instead o f  keeping stationary 

However, the error brought by this assumption is limited due to two reasons 1) the dimension in 

the Z direction is long; 2) the solidification takes place from outside inward. Therefore, the thick 

solid shell outside will be a strong obstacle for the shrinkage o f the center layer, making the stress 

condition very close to the plane strain condition. Two-dimensional model will be a good 

foundation for the future three-dimensional model.

The cooling was the main "load" in the model, which determines strain and stress in the ingot 

The temperature data measured in the in-situ measurement were curve-fitted using 6-order 

polynomial to obtain sm ooth cooling curves, which allow adjustable calculation increment, 

necessary for convergence. The cooling curves can also come from the results o f thermal 

modeling.
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Fiaure 8 4: Aleshina and the boundarv conditions

8.4 INCREM ENT STRATEGY

In the above two-dimensional model, material in the same x coordinate experiences the same 

cooling history from pour-in temperature to room temperature, according to the definition o f 

thermal steady state The nodes at different Y locations represent the intermediate points on the 

cooling curve. In order to describe the gradually increased thermal load using steady state 

tem perature profile, a tem perature increment strategy was designed.

The strategy is shown in Figure 8.5. which shows the tem perature profiles in the com putational 

domain at a series o f  increments during calculations. The left side o f  each profile is the center o f 

the ingot. The unit in the left and bottom axis is inch. The mold lines represent the top and bottom  

levels o f  the casting mold. At the beginning, the temperature o f  the whole 30-inch ingot model 

was solidus temperature. The casting processing can be viewed as the drop o f  this 30-inch model 

through the cooling mold The material at the bottom cools first, and the nodes below the mold
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have the corresponding thermal profile as in-situ measurement. When the whole 30 inch model 

drops below the mold (increment = 30), the temperature distribution becomes a com plete steady 

state profile, and each element of the material experiences the cooling history which reflects the 

same cooling path o f  each ingot material moving from top o f  the ingot to the current location 

during steady state o f  ingot casting. A user subroutine was programmed to realize this increment 

strategy These cooling histories built up unique thermal stress inside the ingot, which depends on 

the pattern o f  these histories and the thermo-mechanical behavior o f  the as-cast ingot material

X7
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8.5 M ATERIAL DESCRIPTION

In order to show the critical role the material description played for thermal stress calculation, 

different material properties w ere compared in the modeling. Five models will be used in the 

calculations. They are:

Model I: tem perature-independent material properties for heat treated A1-7050T7451 [41]. with 

constant elastic modulus E= 10.3 Mpsi and constant yield strength = 73 ksi.

Model 2: tem perature-dependent material properties for heat treated Al-7050 [41], shown in 

Table 8 1 and 8.2.

Model 3: tem perature-dependent material properties for as-cast Al-7050 measured at the ingot 

surface, shown in Table 6.3;

Model 4: tem perature-dependent material properties for as-cast Al-7050 measured at the ingot 

center, shown in Table 6 3.

Model 5: temperature-cooling rate dependent material properties for as-cast Al-7050 described in 

Chapter 7 However, the cooling rate only considers solidification rate in following calculation

The elastic modulus used for model 3. 4 and 5 are from Table 7.5. Figure S 5 and 8.6 compares 

these different material models.

Table 8.1 Elastic modulus o f  A1-7050T7451 [41]

Tem perature Elastic m odulus (Msi)
70°F (294.1 K) 1 10 3

250°F (394.1 K) 9.4
350°F (449.7 K) 8.7
500°F (533 K) 8.4

975°F (796.9 K) 0
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Table 8.2 Yield strength o f  A1-7050T745 I [ 4 1 ]

Temperature Yield strength (ksi)
70°F (294 .1 K) 73
2 12°F (373 K) 62

300°F (421.9 K) 56
400°F (477.4 K) 42
500°F (533 K) 21

975°F (796 9 K) 0

80
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50

40
model 5

model 3 (surface)
20

-  ifc : T
model 4 (center)10
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200 300 400 500 600 700 800
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Figure 8.6: Comparison o f  yield strengths o f five material models
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Figure 8 7: Comparison o f  elastic modulus o f  five material models

8.6 RESULTS AND DISCUSSION

Figure 8 8 to 8 12 show the calculated thermal stress distribution at different increments along the 

short cross-section for all five material models. The vertical axis at the left side o f  the profiles is 

Y-axis which is along the dropping direction with zero representing ingot top. Bottom of the 

mold locates at 3 inch in the vertical axis. The Y-axis is also the symmetry line o f  ingot 

longitudinal cross section decribed in Figure 8.3 The horizontal axis at the top is X-axis which is 

from the center o f ingot tow ard the surface. The right side o f  the profile is the free surface o f the 

ingot. The unit for both axises is inch. The unit for the profiled stress is ksi. Three kinds of 

stresses were calculated, namely. s33 which is in Z-direction (reference Figure 8 3). perpendicular 

to the computational domain, maximum principal stress and von Mises stress. The stress in the Z- 

direction is the major driven force for the casting crack propogation. As shown in the results, after 

first several increments, a very high tensile stress occurred at the outer surface two to three inches 

below the mold where the cooling w ater was impringed for all material models When ingot

l)2
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material moved farther from the mold, different material models showed different thermal 

distribution and stress level. In all five cases, the maximum location of both Z-direction stress and 

maximum principal stress tend to move from ingot surface toward ingot center, while maximum 

von Mises stress remain at ingot surface. This means the material experienced higher and higher 

tension at the ingot center when dropping during cast, although ingot surface got the highest o f 

the distortion.

The tow ard-center movement o f  maximum tensile stress is because o f the solidification sequence 

o f  aluminum ingot during the casting. After the ingot just emerged from the bottom  o f  the mold, 

material o f  ingot surface was cooled rapidly by the impringing water The sudden shrinkage o f the 

ingot surface was hindered by the still-hot ingot inside material which shrinked much less Thus, 

high tension occurred in the material close to the surface, which is generally called "queching 

stress" With ingot material moving down, material inside the ingot start to cool dow n and reduce 

the volume. However, the already solidified outside ingot material prevented this shrinkage, which 

built higher and higher tension in the ingot center, generally called "center stress" With ingot 

increasing the length, the center tensile stress will increase dramatically and becom e a enormous 

driving force for up-the-center casting crack propogation.

By com paring the results from the five models, differences o f  level and distribution o f  the stresses 

can be observed. This is because both level and distribution o f  the stresses are highly related to the 

strength level o f  ingot material. Material with higher yield strength can stand higher stress caused 

by the thermal strain, while material with lower strength yields at a certain stress level and has to 

pass the load to the nearby material. The results o f  model 1 and model 2, which used wrought
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material properties, show much higher stress level than model 3. 4 and 5. which used as-cast 

material property with much low er material strengths Model 3. which using ingot surface 

material properties, also produced higher stress levels than model 4. which using ingot center 

material properies. In addition, the toward-center movement o f  tensile stress tends to be slower 

when using higher material strengths.

The distribution o f  the material properties in the ingot also influences the calculation o f  thermal 

stress remarkably Results o f  model 1 and model 2 have significant difference both in stress level 

and distribution Result o f  model 1 using constant properties show much higher stress level than 

model 2 using tem perature-dependent properties, especially the stress at ingot center The 

differences are due to the different material properv distribution used in the two models In model 

2. material strengths are low er at higher temperatures, while strengths remain constant for all 

temperatures in model 1.

The stress distribution patterns o f  model 3. 4 and 5 are similar, showing evident inw ard movement 

o f  maximum tensile stress. H owever, the stress levels are much different when com pared at each 

location o f  the ingot. In the results o f  temperature dependent models, the Z-direction stress and 

maximum principal stress show ed the same level for center stress and quenching stress. At the 

same location in the result o f  cooling-dependent property model, the center stress w as still 4 ksi 

lower than quenching stress. For von Mises stress distribution, the stress level difference between 

ingot center and surface is m uch higher from cooling-dependent model than those from two 

temperature-dependent models. All these differences are due to different strength distribution 

assumed in three models. In cooling-dependent property model, material at ingot center

M4
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experienced lower solidification rate, which resulted lower matetrial strengths, than ingot surface 

Thus, even at same temperature, ingot center material can carry' lower stress load than ingot 

surface.

Figures 8 13 and 8 14 plot the maximum principal stress and von Mises stress o f  a ingot material 

point moving along ingot surface and center as the function o f  casting time, respectively Results 

o f  cooling-dependent property model and temperature-dependent (ingot surface and ingot center) 

property model are compared. As shown in Figure 8.13. for material moving along the ingot 

center, both maximum principle stress and von Mises stress from cooling dependent property- 

model are close to those from temperature-dependent center property model. Maximum principal 

stress resulted from temperature-dependent surface property model shows significantly higher 

stress level than the other two with about 64% higher at the peak value. The time reached to the 

peak value also 1 minute later. Von Mises stress from surface property model is remarkably 

different from cooling dependent model, with about 46% higher for the maximum value. As 

shown in Figure 8 14. for material moving along ingot surface, the results from cooling-dependent 

model is closer to those from temperature-dependent surface property model. The difference 

between center property model and cooling-dependent model can reach 39%  o f  peak value for 

maximum principal stress o f model 4 and 26% o f the peak value for von Mises stress o f center 

property model.
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The final results o f  von Mises stress distribution were normalized by dividing the stress value at 

every point by the yield strength with the conreponding conditions for tem perature-dependent 

surface property model, tem perature-dependent center property model and cooling-dependent 

property model. The normalized results are shown in Figure 8 15 The m ost deformed area is 

located at the low-right half o f  the model for all three kinds o f  material properties The yielded

1 1 7
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area are am ost the same for three results. Result o f  temperature-dependent ingot center property 

model shows higher deformation at the ingot surface than the results from ingot surface property 

model and from cooling-dependent model.
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All these results indicate that only by using the constitutive model, which reflects cooling history- 

dependent as-cast material properties, can the simulation predicts the thermal stress accurately at 

even,- location o f  ingot. From the location and level o f  maximum stress in the ingot, critical places 

where casting cracks mostly tend to occur can be predicted. However, this studies was limited by 

the steady state assumption in the simulation which can not investigate the stress distribution near 

the ingot bottom  where most casting cracks initiate. Further research needs to be carried out 

through transient three-dimensional modeling, in which the consideration o f cooling history 

dependency will be more critical in the simulation, especially for the location close to ingot 

bottom where experiences fast cooling through bottom block.

8.7 SUM M ARY

In this chapter, thermal stress distribution was calculated for steady state o f ingot casting using 

commercial FEM code ABAQUS. Two-dimensional model was used to describe the longitudinal 

cross-section at the center o f rolling face In-situ measured tem perature profile in steady state was 

used as input in the stress modeling. Five different constitutive models, including the cooling- 

dependent as-cast material property model in which effects o f  both temperature and solidification 

rate were considered, were compared. Very high error will be brought by using wrought material 

properties instead o f  as-cast material properties. Calculated stress levels in wrought material 

property models, especially the constant property model, showed several times higher than those 

from as-cast material property models. By comparing temperature-dependent and cooling- 

dependent as-cast material property models, it can be indicated that only cooling-dependent model 

can obtain more accurate stress distribution by considering the inhomogeneous material properties 

o f  casting ingot. Therefore, the critical places, where maximum stresses are calculated, in the

119
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ingot can be more accurately located through the simulation, and the corresponding 

the casting can be applied to control them.
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C H A PTER  9 

C O N C LU SIO N  AND F U T U R E  W O R K

9.1 CONCLUSION

A new methodology o f  thermal stress m odeling o f  D C. casting o f  high strength aluminum alloy 

ingot has been proposed and verified through both experim ental work and finite elem ent 

analysis The research emphasizes the cooling history dependence o f therm o-mechanical 

properties o f  as-cast aluminum ingot material, and focuses its effort on establishing a thermal- 

elastic-plastic constitutive model with the consideration o f  cooling rate during D C casting o f  

high strength aluminum alloy, such as AI-7050. The study correlated the properties o f  ingot 

material with its cooling history' through a series o f  experim ental work including tem perature 

profile measurement, metallurgical analysis and therm o-m echanical property measurement The 

constitutive model established was im plem ented in a thermal stress numerical simulation 

Principal findings through this research are following:

1) Cooling history o f  ingot material continuously changes from ingot rolling surface to ingot 

center during D C casting. Solidification rate changes from  more than 524cF/min (4.9°C7sec) 

near ingot surface to about 40 °F/min (0.37°C/sec) at ingot center.

2) Notable inhomogeneitv o f  ingot structure results from  this uneven cooling o f ingot casting 

Grain size changes from 140 pm  near ingot surface to 370 pm  at ingot center, volum e 

fraction o f  eutectic phases changes from 4.6% at the surface to 112%  at the center

3) Therm o-mechanical properties o f  as-cast AI 7050 ingot material depend on both tem perature 

and cooling history the material experienced during casting

1 2 1
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A Yield strength o f  as-cast ingot material decreases with increasing temperature For ingot 

surface with solidification rate o f  524°F/min (4.9°C/sec). yield strength decreased from 

19 ksi at 200 CF (93°C) to 12 ksi at 800 °F (427°C). For ingot center with solidification 

rate o f  50°F/m in (0.46°C/sec). yield strength decreased from 12 ksi at 200 °F (93°C) to 5 

ksi at 800 CF (427CC).

B For a given testing temperature, yield strength o f as-cast A1 7050 ingot about increases 

linearly as solidification rate increases 

C Continuous cooling rate does not have significant effect on mechanical properties o f  as- 

cast A l-7050 ingot at high tem perature (above 400CF/204CC). Slower cooling and aging 

at lower tem perature range (below 400°F/204°C) have som e effects on mechanical 

properties o f  ingot material. Yield strength increases with decreasing cooling rate from 

400°F/204°C to 200°F/93°C and with increasing aging tim e at 200°F/93°C

4) Casting crack tendency o f  Al-7050 ingot is highly related to the grain boundary eutectic 

phases o f ingot material. At room tem perature, ingot surface shows higher fracture toughness 

than ingot center.

5) Cooling history dependence o f material properties needs to be considered in thermal stress 

modeling for D C casting. The results o f  thermal stress calculation, which applied the 

constitutive model considering both tem perature and solidification rate, showed significant 

difference in stress level and distribution with those applying temperature-onlv-dependent 

constitutive models. The introduction o f  cooling history dependency o f  constitutive model 

into thermal stress simulation for D C. casting will greatly im prove the accuracy o f therm al 

stress prediction o f  a casting ingot.
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9.2 LIMITATION OF THIS RESEARCH

This research is limited in following aspects:

1) Errors may appear in the in-situ tem perature profile m easurem ent because o f unprotected T/C 

leads. It was difficult to implement the protection in the measurement during production 

ingot casting.

2) Location o f  the ingot specimens may not locate exactly at the center between two end 

surfaces o f  ingot. This may bring errors on the cooling rates represented by the specimens 

from different ingot locations.

3) Creep effect is neglected in this study, which needs to be considered, especially for the 

material near the liquid pool o f ingot.

4) The stress distribution close to the bottom o f numerical model is artificial caused by the "end 

effect" o f  the calculation. For steady state, the length o f  the model is supposed to be infinite 

However, only 30 inches data were available in the calculation. The bottom o f the model 

became a free end which may bring artificial stress profile near this area

9.3 SUGGESTION FOR FUTURE W O R K

Future research includes following aspects.

1) 3D FEM model needs to replace the current 2D m odel which, although simplifying the 

problem, can not completely represent the stress condition o f  the whole ingot.

2) Sensitivity o f  casting parameters needs to be studied through the simulation, such as. casting 

speed, water rate, with and without wipe. etc.

123
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3) M icrostructure m odeling, which establishes the correlation between ingot microstructure 

with the cooling history, needs to be further studied

4) Alloy properties m odeling, which establishes the correlation betw een microstructure and 

alloy properties, needs to  be developed.

5) Quenching crack m ethod needs to be em ployed in addition to the traditional room 

temperature K|C test, because the driving force for casting crack propagation was therm al 

stress instead o f uniaxial tensile stress

1 2 4
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APPENDIX  

ABAQ US INPUT FILES

APPEN DIX A: Input file for constant properties o f wrought Al 7050 m aterial model

' H E A D I N G
f r- •151-T'7 4 5 1 at Ro _m Temperacur e
lasri c,nc work ha rde ring
ST EM= R,nset=aii
15 "7 . 0 0 0 0 0 0 0 E + 0 0 -3 . n 5 c 0 G 0 0 E -r- 0 1, T 7 * [ 7' 1 \j 1 **' ^ 1

>: 7 . 5 00 Q 0 0 5 E - C1C -3 . 7 J C D1 3 1J (J E - / . 3 7 ’J :J 7 7 tL — 7 7
_ . 4 9 9 9 9 9 5 E e G -3 . " I S O G O S E — G 1 , G . G 0 G G G G G E - G •_

. OGGGOOGE-OC -3 .-1S9999E-01, 0 . G 0 0 0 G G C E * G C
2 4 •7 . 5QQ0005E-GC -3 . 1S 9 9 9 9 E - 0 1
9 . 2 0 0  0 0 0 0 E - 0  0 -3 . z .3 _ 0 '3 u _ 3. * '-• - f " 3 '3 3: 3 .3 3 Ir - p -■

7 7 *7 . 4 9 9 9 9 9 5 E 1- 0 0 _ 3 . 5220001E+0:, - q Q r .p ,9 0 r » 3 3
— “7. j OOCOGOE-OG -3 . 3 2 2 0 0 0 1 E + 0 1 , 3 3 3 3 " p ̂  ~ . ,5 3

7 — - . 5GG0005E-C0 -3 . 322 0 0G1E + 0 1, 3 3 ̂  ,3 " ^ 3 '
- -7 3 . TOOOCCOE + OO -3 . 924C0G2E + 01, 0 . GOCOGGGE-GO

?■ c . 4999995E+00 -3 . 9240002E + 01, 0 . OOOOOOOE + OG
3 9 *7. 0 0 0 0 0 0 0 E + 0 0 -3 . 9240002E + 01, 0 . OOOOOOOE + OO
4 0 "7 . 50C0005E + 00 -3 . 9 2 4 0 0 0 2 E + 0 I , 0 . jOOOOOOE-rOO
7 7 5 . 200000GE + 00 -4 . OE^QOOOE + Ol, G . OOOOOOOE + OO
4 5 r;. OOOGOGOE-OG _ 1 . G2"0C0CE+C1, 7 ^77 7 Q 7  '7 C* .7 7
4 c 17 . 4 999995E-rGC _ _f . 0 2  • GG'jOE^'Ji, 0 . 0 G 0 0 0 0 G E - G G
-I ” . 0 G 0 0 C 0 0 E - 0 C _ J . 0 2 “ 0 0 G 0 E - 0 1, 3, 3, ... . 3 3 3 3* 3 ~- . . •. \j ~j 0 i. .• r •.'
3 P . 5COCCC5E-GO _ ̂ ' 3 ~ r. ~ ,3 Ip. .5 ' 3 3 3 0 3 .3 3 " ̂  ̂

T. 9 0 C G 0 Q 0 E + 0 Q _J 7 7  Q 7 Q 7 IT * G . IT 0 G 0 0 G E - -J G
n 0 0 7 C' G O ~ E — 0 ,1 -4 * 7 7 7 Q|V<r* 3' ' ' 3 3 ,3 ,3 3, 3 — .̂33

5 4 ■z _ 4 5 9 0 9 9 5  e - g 0 _ 1 * 7 7 7. 7; •'.07." 3 . 3 '3 'J ' 3 3 3 P. 3"
5 5 ■7 . 0 0 0 0 0 0 G E - 0 G _ J 7 7  7 7 7 17 7' "* j . jtGGCOGE*'!-
5 0 . 5 GG00G5E-00 _ J • — 7 7 'J >3 J L ” 'J — j G . GGGGG0 CE*'. •-
c 0 T. ~OOOCOOE+OQ _ 1 . 2320004E + 01, 0.000 0 G 0 0 E - G G
0 1 -5. OOQGCQCE-rOQ _ J . 2320004E + 01, 0 . GGGOCOGE-GC
0 2 *7 . 4 9 9 9 9 9 5 E + 0 0 _ 1*?. 2320004E + 01, 0 . 0 0 0 0 0 C 0 E ~ G G
0 3 — . 0 0 0 0 0 0 0 E + 0 0 _ J . 2320004E + 01, G . OOOOOGOE + CC
C -? — . 50COGO5E + OO _ J . 2320004E-r01, G . OCOGOOOE + GG
08 . 5 0 0 0 0 0 C E a- 0 0 _ 1 . 334999SE + 01, G . OOOOOOOE-rGG
0 9 *7 . OOOOOGOE+GO •1 . 3349998E-01, G . OOOOOOCE-rGC
7 0 0 . 4999995E+00 - 4 . 3349998E + 01, G . G 0 0 0 0 0 G E + 0 C
0 1 "7. OOOOOOOE+OO - 4 . 3349998E + 01, 0 . OOOOOOOE + OO
72 "7 . 5C00005E + 00 - 4 . 334 9 998E + 01, 0 .0000000E + 00
75 4 . OOOOOOOE + OO - 4 . 4 3 8 0 0 0 1E + 0 1, 0 . 0 0 0 0 0 0 G E + 0 0
7 j . 5000000E+00 - 4 . 4380001E+G1, 0 . OOOOOOOE + OO
' i *7. OOOOOOOE + OO - 4 .4 3 8 0 0 0 1 E + 0 1, 0 . 0000000E + 00
"7 O

vj 17 . 4 999995E + 00 - 4 .4380001E+01, 0 . OOOOOOOE + OO
"7 Q ~7 . OOOOOOOE + OO — 4 .43800GIE+01, G . OOOOOOOE + OO
9 7 "7. 5GGQ005E + 00 — 4 J 2 g f, Q Q - Fiji 0 . GOGGCGGE-OG

I2 X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



S3, 3 .7QOOCOOE+OC _ J 5 4 1 o Q O G E + 0 1 , 7 71,7 7 2 ,_7 Q ►»* .7 7
34, 4 . 5 OOCOQOE-rOO _ 1  ̂4 i o G O u E + 0 1 , 0 . 0 0 0 0 0 0 0 E - 0 0
o c 6 . OOOOOOOE+OO -4 5 4 i o Q o o E + 0 1 , 0 . 0 0 0 0 0 0 0 E + 0 0
3*5, c .4 9 9 9 9 9 5 E + 0 0 -4 54 IGOOOE+Ol, 0 . GCOOOCOE+GG
O "• 3 . OOOOOOOE+OO _ j 54 10 0 0 0 E + 0 1, 0 . OOOOOOOE+OO
o c 3 . 5 0 0 0 0 0 5 E + 0 0 _ j 54 IGOOOE+Ol, 0 . OOOOOOOE+OO
3 2. 3 . 4G00GGGE+0G _ j 0 4 3Q0GGE+G1, 0.0 0 0 0 0 G 0 E -0 0
32 4.5 OOOOGOE+OQ — J c 4 3 0 0 0 0 E + 0 1, 0 . 0 0 0 0 0 0 0 E + 0 0
3 3 -5 . O Q QQGOOE + GO -4 c 4 3 0 0 0 0 E - 01, . j ' Q f! n 0 p n — * 0 0
3 4 -5 . 4 9 9 9 9 9 5 E + 0 0 — 4 54300 COE-t-01, 0 . 0 0 G 0 0 0 0 E + 0 0
3 5 ~ . O O OOOOOE + OO _ j 54 3 G 0 C O E - 01, 0 . 0 O' C O' 0 0 'j E + ■ j ~
9 r: , 3 . 5QQ0005E+00 _ j 54 30 0C0E+01, 0 .OOOO 0 0 0 E - 0 0

9 9, 3 . O O OOOOOE + OO -4 7 4 >50 00 3 E+0 1, O1. 0 0 0 0 0 0 0 E - 0 0
1 0 0 , 4 . 5000000E+OQ -4 74 60003E+01, 0 . OOOOOOOE+OO
1 0 1 , 6 . O O OOOOOE + OO -4 745u003E-t-Gl, 0 . OOOOOOOE+OO

'J  J- r c .4 9 9 99 95 E + 00 — J “7 4 >50 0 0 3 E+0 1, 0 .OOOOOOOE+OO
10 3, 7 . OOOOOOOE+OO -4 74 •50003E + 01, 0 . OOOOOOOE+OO
104, 7 . 5 0 0 0 0 0 5 E + 0 0 -4 n 4 >5 0 0 0 3 E + 0 1, 0 . 0 0 0  0 0 0 0 E + G 0
1 0 *5, 2 . 2 00000QE+CC _.1 S489998E+01, 0.OOOOOOOE+OO. ~ - 3 . 0  0 0 0 0 0  G E -G 0 _1 S 9 9 9 S E - 0 1 7  ̂.p Q p 0 p 0 ~ — p. ■'

1 0 5, 4 . 5 0 0 0  0 0 G E * 00 -4 34 89998E-G1, j " 7 7 0 7 7 7 P — 7 7-
13 9 c .OOQOCOCE+CG _1 0  4 8 9 998E+01, 7 . 0 0 0 0 10 0 7 P * 0 r
ii c . 4 9 9 9 9 9 5 E-OG — 4 c 8 9 9 9 8 E-01, 3 . 1C G 0 C 0 2 E ̂ C 7
— — — r ~ . 0 0 0 0 0 0 0 E - 0 0 -4 z 4 89998E-01 p Q p 7 0 7 P -r >7 7
1 1 2 , ~ .50Q0C05E-G0 -4 c 4 8 9 9 9 8 E + G 1
114, 1 . 500 0000E+GG — 4 9 5 1 0 0 0 2 E + 0 1 , 0 . 0 0 0 0 0 0 0 E + 0 C
115, 3 . OOOOOOOE+OO _ 4 3 C 0 . O O OOOOOE + OO
115, 4 . 500CC0CE+GQ — 4 9 5 10 0 0 2 E - 0 1, 0 . 0 0  0 0 0  0 0 E + 0 0
* * “7 3 . 0 0 0 0 0 0 G E - C 0 -4 95 1CC02E — 01, 0.0 000 0 C O E + 00
* * C c .4 9 9 9 9 9 5 E-GO _ j 95 10 0 C 2 E - 0 1, 0 . 0 0  0 0  G 0 0 E - 0 0

-19, . j o u 'j c 0 l E + . o _ 4 9 5 10 0 0 2 E - 0 1, _ . 0 0 0 c >j _ j z. — c ■_
1 2 0', — “ p, p Q 0 QCr. .3 " _ 4 95 0 . 0 10 0 0 C 0 E + 0 0
1 2 1 , 0 . OGOOOQOE-GO -5 0 5 3 9 9 9 7 E - 01, 0 . OOO O O O O E  + GG
1 2 2 , 1 . 5 00 00 00E+00 -5 0 5 39997E+01, '0 . 'j C c 0' 0 0 0 E — c .. - ̂ 3 . OOOOOOOE+OO -5 0539997E+01, 0 . OOO O O O O E  + OO
12 4, 4 . 5QOQQOOE+OQ -5 0 5 3 9 997 E + 0 1, 0 . 0 0 0 0 0 0 0 E + 0 G
* 7 C c .OOOOOOOE+OO -5 0539997E+01, 3 . OOO O C C O E  + OQ
12 5, c .4 999995E-00 -5 0 5 3 9 9 97 E + 0 1, 0 . OOO O O O O E  + OO
. 7 *7 ~ .OGOOCOOE+QO -5 05 3 9 9 97 E + 0 1, 0 . OOOOOOOE+OO
« ̂  c . u u , ” .5000005E+00 — 5 0 539997E+01, 0 . 0 0 0 0 0 0 Q E + 0 0
* ? O—_ s  f 0 . OOOOOOOE+OO - 5 15 70 00 0E+01, 0 . OOO O O O O E  + OO
13 0 , 1 . 5 0 0 0 0 0 0 E + 0 0 _ Q 15 7 0 0 0 0 E + 0 1, 0 . O OOOOOOE + OO
131, 3 . OOOOOOOE+OO - 5 1 c7000QE+01, 0 . O QQOOOOE + OC
13 2 4 . 5 0 0 0 0 0 0 E+00 -5 j. 0 7 0 0 0 0 E + 01, 0 . OOO O O O O E  + OO
133, c .OOOOOOOE+OO -5 1 5 7 0 0 0 0 E + 0 1, "0 . 0 0 0 0 0 OOE-OC
134, c .4 999995E + 00 -5 15 70000E+01, 0 . OOO O O O O E  + OO
135, 3 . OOOOOOOE+OO - 5 15 70000E+01, 0 . OOO O O O O E  + OO
13c, 7 . 5000005E+00 - 5 15 70000E+01, 0 . 0 0 0 0 0 0 0 E + 0 0
133, 0 . OOOOOOOE+OO -5 2590000E+01, 0 . OOO O O O O E  + OO
138, 1 . 5 0 0 0 0 0 0 E+00 _ c 2590 0 00E+01, 0 . O OOOOOOE + OO
139, 3 . OOOOOOOE+OO -5 25 90000E+01, 0 . 0 0 0 0 0 0 0 E + 0 c
140, 4 . 5 0 0 0 0 0 0 E + 0 0 -5 w  4 90000E-01, J . O OOOOOOE + OO

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o 
in 

co 
-I
 

o
, 

u
i 

,u 
ui 

(•> 
i ‘ 

o 
co 

co 
J 

,3
, 

cri 
.t-
 

c.j
 I 

) i 
• 

o 
uj
 

co 
.] 

,3
, 

.n 
,u 

u> 
io 

i 
- 

o 
co 

co

-1 1 
-I ?  

.4 3 
-I -i

.45 

. 4 6

p i 
o ?
.S3 
.34 
. 8 5 
.36 
1S 7
3 0  0i. U ^

189
190
191
192

-5 . OOOOOOOE + OO -5 2 5 90 0 0 0E + 01,
6.4999995E+00 -5 2 5 9 0 0 0 0 E + 0 1,
“ .OOOOOOOE+OO -5 25 9000 O E + C 1, •p

7 . 5000005E+00 — ^ 25 90GO Q E + Q 1, o

0 . OOOOOOOE+OO -5 3619999E+01,
1.500000GE+00 -5 3 619 9 9 9E + 0 1, 0
3 . OOOOOOOE+OO -5 3 619 99 9E + 0 1, 9
4 . 50000Q0E+00 -5 3 61999 9 E + 0 1, j
6 . OOOOOOOE+OO -5 3619999E+01, n
-5 . 4 999995E+00 -5 3619999E+01, j
" . OOCQOOOE+OQ -5 3619999E+G1, •p

“ .5CCC005E+00 -5 3 619 9 9 9 E - 0 1,
0 . OOGOCOOE+OO -5 4 6 5 0 0 0 2 E + G 1, j

1 . 5000CGCE+00 -5 4 6 5 0 0 0 2 E + 0 1, ",

3 . 0 0 0 0 0 0 0 E+0 0 -5 465CCC2E+01, j

4.5 OGOCOOE+OG -5 4 6 5 0 0 0 2 E + G 1,
6 .OOOOOOOE+OO -5 4650002E+G1, *7

J

-5 . 4 9 9 9 9 9 5 E + 0 Q -5 4650002E+01, J

~ . OOOOOOOE + OO -5 4650002E+01, 0
~ . 5 0 0 0 C 0 5 E + 0 0 -5 4 6 5 0 0 0 2 E + 0 1 , j

j  . 0 u G 0 l 0 . ci + ' j  c -5 56~9996E+01, J

1.5 CCQGQCE + OC -5 5 6 “ 9 9 9 6 E - 11,
3 . GCOOOOOE+OC - 5 5 6 ~ 9 9 9 6 E + 0 1,
4 . 5 C G 0 Q 0 G E - 0 0 -5 5 6 7 3 9 9 6E + 0 1,
6 . OGOOOQOE+OG -5 5679996E+01, •J
6 . 4999995E+00 -5 5 67 9 9 9 6E + 0 1, p

•J

" . OOOOOOOE+OO -5 5679996E+01, -P

~ .5000005E+00 -5 5 6’7 9 99 6E + 0 1 , J
0 . OOOOOOOE+OO -5 6699997E+C1,
1.5 OGOGOOE + OO -5 66 99997E + 0 1,
3 . OOOOOOOE+OO -5 6 6 9 9 9 9 "7 E + 0 1, J
4 . 50G0000E+GC -5 6G99997E+01
jX G", [”"* ^  r*, -5 ^  ^  0  '9 J  f

6 . 4 999995E+0C - 5 c c 9 9 9 9 ~ E - 0 1,
p p  p  p  p  p  p  p  jr  ,  p  p. - 5 c c 9 9 9 9 " E ~ G 1 ,

~ . 5000005E + 00 -5 + 6 9 9 9 9 7 E + 0 1,
0 . OOQOOOGE+OC - 5 ” 20 00 GE + O 1,
1 . 5 000000E + 0C — *p ~ 7 3 0 0 0 0 E + 0 1, "l

3 . OOOOOOOE + OO -5 " 3 Q 0 Q Q E  + 01, J
4 .  5000000E +  00 -5 " 3 0 0 0 0 E  + 01, Q

6 .OOOOOOOE + OO -5 7730000E+01,
6 . 4999995E+00 -5 7730000E+C1, ",

7 . OOOOOOOE+OO -5 7''30000E +  01, •J

7 . 5C00005E+00 -5 7730000E+01, 0
0 .OOOOOOOE+OO -5 8759998E+01, Q
1 . 5000000E+00 -5 S7 5 9 9 9 8 E + 0 1, 0
3 .OOOOOOOE+OO -5 875999 8 E + 0 1, 0
4 . 5000000E+00 -5 37 5 9998E + G 1, 0
6 .OOOOOOOE+OO -5 87599 9 8E + 0 1, 0
6 . 4999995E+00 -5 87 5 9 998 E + 0 1, 0
7 .OOOOOOOE+OO -5 8759998E+01, 0
7 . 5Q00005E+00 -5 8759998 E + Q 1, 0

1 3 0

. 0 0 0 0  

. 0 0 0 0  
0 0 0 0  
0 00 0 

. 0 0 0 0

u 'J vj n. 
0CQE 
OOOE 
0 0 C E ■ 
00QE 
OOOE 
000E' 
OOOE

<j L 
0 0

0 0 0 0 0 Q0E 
0 0 0 0 C 0 0 E 
'I0."'.‘', 00 0 r ■

. OCCQGGGE+CG 

. OGOGO O G E + O C 

. 0 000000E + 0Q 

. 0Q0Q0 0 0 E + 0 C  

. OOOGOOOE-OC 

. OOCQCGCE-GC

. 0 0 0 0 0 0 0 E + 0 0 

. 00C00 C 0 E + 0 0  

. OOCOOQOE+OC 

. 0 00Q 0 0 0 E +  00 

. 0 G 0 0 0 0 0 E — C 0 

. 0 0 C 0 0 0 0 E + 0 0 

.OOOOOOOE+OO 

. 0 0 0 G 0 G 0 L

. 0 00 

. GOO 

. 0 0 0

J C. U C' CJ
5 0 0 0 0 
50000 
5 00 00 
0 0 0 0  
0 0 00 
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0

c, + u u 
E+00

u
■jQ
p  

00 
00 
0 0 
0 0

E+00 
E+00 
E + 00 
E+00
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1 9 3 , 0 . 0 0 G 0 0 0 0 E + 0 0 _  c a*7~ 9 9 9  9 E + 0 1 , 0 . 0 0  0 0  0 QCE+OG

1 9 4 , 1 .  5 u 0 0 0 0 0  E -r 0 0 - 5 9 9 9 9 £ ^ . q 1 , 1 . OOOOQ 0 0 E + 0 0

1 9 5 3 . 0 OOOOOOE+OO - 5 9 7 7 9 9 9 9 E + 0 1 , 0 . 0 0 0  0 0 OGE+CC

1 9 6 , 4 . 5 0  0 0 0 G 0 E +  0 0 - 5 3 7 7 9 999E-I - 0 1 , 3 . OOOOO OCE - GC

1 9 “ , r~ 0 0 0 0 0 0  E + 0 0 - 5 9 7  7 9 9 9  9 E f  C 1 , 0 . 0 0  0 0  0 0 0 E -r 0  0
1 9 8 , C * 4 9 9 9 9 9 5 E + 0 G -  5 9 7  7 9 9 9 9 E -r 0 L t 0 . OOOOO 0 0 E + 0 0
1 9 9 ,

— 0 0 0 0 0 0 E 0 0 - 5 3-7- 9 9 9  9E-rO 1 f J . OOOOO 0 0 E + 0 0
w lJ U , — - 0 0 0 G Q 5 E -r 0 0 — 3 7 7 9 9 9 9 £ + q 2. , 0 . 0 0 0 0 0 0 0 E + 0 0
2 0 1 , 0 . 0 GGOQOOE+OO - 6 OS 1 0 G G 1 E + C 1 , 0 . 0 0  0 0  0 QOE+OC
w , 1 . 5 0 0 0 0 0 0 E + 0 0 — c 7 c 1 0 0 C 1 E + 0 i 0 . 0 0  0 G GG C s. + 0 ..
2 0 3 , 3 . 0 C 0 0 0 0 0 E + 0 C - 6 Q - 0 0 G 1 E + 0 1 , 1 . 1 0  0 0 0 2 ;j z* ’j
? 0 J 4 . 5 OOOOOOE+OO — c 0 8  1 0 0 0 1E+G 1 . 1 0  0 0 0 .7 r  £  -  7‘ .,3

2 0 5 , 6 . 0 0 OOOQGE+OG — c 7 0 2 0 0 0 1 E + 0 L f i . :  o o c o C 2 n — 2
2 0 c , 6 . 4 9 9 9 9 9 5 E + 0 0 - 6 0 S 1 0 C 0 1 E + 0 1 T P p. Q p O O E + O 0
2 0 7 , " . 3 OOOOOOE+OO — c 0 8 1 0 0 0 1 E + 0 J. , 0 . 1 0  0 0 0 0 0 E 1- 0  0
2 0 8 , ~  . 5 0 0 0 0 0 5 E +  0 0 — c 0 8 1 0 0 0 1 E + 0 1 , 0 . 0 0  0 0  0 0QJT4. P, p

2 0 9 , 0 . 0 OOOOOOE+OO — c 1 8  4 Q 0 0 0 E + 0 1 , 0 . 0 0  C 0 0 0 0 E + 0 0
P * P 1 . 5 OOOOOOE+OO — c 1 3 4 OOOOE-rO 1 , 0 . 0 0 0 0 0 0 0 E + 0  0
2 1 1 3 . 0 OOOGOOE+OG — r~> 1 8 4 0 0 0 0 E + 0 2_ , 0 . 0 0 0 0 0 n tP P -  P Pi

— — w t 4 . 5 OOOOOOE+OO — c - c 1 i. *i OOOOE-rC i  , 0 . 0 0  G 0 0 0 QE + OC
__  ̂ . r; . J CGOCCGE+OG — c * C J OCOGE- O  ̂ f ' P ,+ n P P P P -  p '
" - J 6 . 4 g 9  9  g q 5  £  4. p p — c * o 0 0 0 0 E -  0 -  , 1 . 0  0  0  0  0 0 0 E -  2  2
— — 3 , 0 0 0 0 0 0 E + 0 0 - 6 * p J ■J UU'JL* * , ~ î i i7 P P j  ~ E * - -
2 1 c , 0 0 0 C 0 5 E -  0 0 — c - c t— ~ -t 0  0  2  2  £  -  2 1  , j  . 2 0  0  0  0 P P £  ,7 .T
"'  — 0 . 0 — c 2  3 c OO O I E - O 1  , 2 . 0 0  0  0  0 0 CE-j-2- ~

1 . 5 ■J U' ' J U U J 1L f  U \J — c 2 3  c ' j  u 'j i  E —1 j _ , 2 . 0  0  0  C 0 0 <j E -  0

2 1 9 , -  nJ . a QOOCOCE- OC — c 2 3  c G 0 0 1 E + 0 _ , 0 . 0 0 0 0 0 2 C E -r 2 3
? ? P 4 . 5 OOQCOOE+CO — r 2 3  6 0 0 Q 1 E + 0 0  . 0  0  0  0  0 0  0  E -  2  2

w — 2. , 6  . 0 Q G 0 0 0 0 E + 0 C - 6 2 3 c 0 0 0 1 E - 0 1  , 0 . 0 0 0  0  0 0 0 E — 0 2
__;__ . 6  . 4 g g g a g g p ^ p g — c 2 3  c O G O I E - O * , 0  . 0  0  0  0  0 q 2 E -  2 !■
_  _  2  , ~ . 0 GGGOGGE' OG — c 2 3  c CQGl E-rC _ , !■ . 0  0  0  0  0 Pi p, ”  ~

 ̂? 4 ■p ^ 0 0 0 G 0 5 E -  0 C - 6  ̂8 c 0 0 0 1 E + 0 _ , 2 . 2 G 0 0 0 P A.” i P  "

? ^  ̂ . 0 0  u G C 0  0  E -  0  0 - 6 "3C2 a 9  9  q p * r _ , 1 . 2 0  0  0  Gr 2  7  —  ̂ "

2 2 6 , 1 . 5 GGOCGGE-OC — c 9 9 9 9 E — 0 ^  , .  . 0 L.' 1J 0 0  C r. -  2  ■-
? •? + 3 . 0 OOCOOCE+GC — c 3 8  8 9 9 9 9 E -I- 0 _ , "  ~ r .  p. p  p P P  IT P, P.

- ? g 4 . 5 OOOGOOE+OG - 6 *5 O cJ u u 9 9 9 9 E + G 1  , 0 . 0  0  0  0  0 0  0 E - 0 0

2 2 9 , 6  . 0 OOOOOOE+OO - 6 ICOJ u  u 9 9 9 9 E + 0 J. , 0 . OOOOO 0  0 E + 0  0

2 3 0 , 6  . 4 9 9 9 9 9 5 E + 0 0 — *5 TOOJ u  u 9 9 9 9 E + 0 1  , 0  . 0 0 0 0 0 o o e + gc

2 3 1 , 7  . 0 OOOOOOE+OO — c TOO J o u 9 9 9 9 E + 0 1 , 0  . OOOOO 0 0 E + 0 0
2 3 2 , 7 . 5 0 0 0 0 0 5 E + 0 0 — r+ 3 8 8 9 9 9 9 E + 0 1 , 0 . 0 0 0 0 0 0 0 E + 0  0

2 3 3 , 0  . 0 OOCOOOE+GG -  6 4 9 1 9 9 9 8 E + 0 1 , 0  . 0  0  0  0  0 GOE+ 0 0

2 3 4 , 1 . 5 OOOOOOE+OO — *5 4 9 1 9 9 9 8 E + 0 1 , 0 . 0 0 0 0 0 0 0 E + ( j 0
2 3 5  , 3 . 0 OOOOOOE+OO -  6 4 9 1 9 9 9 8  E+0 1 , 0 . 0 0 0 0 0 O O E + O 0
2 3 6 , 4 . 5 OOOOOOE+OO — n 4 9 1 9 9 9 8 E + 0 i  , 0  . OOOOO OOE+GC
2 3 7 6  . 0 OOOOOOE+OO -  6 4 9 1 9 9 9 8 E + Q 1 , 0 . OOOOO OOE+GC
2 3 8 , 6  . 4 9 9 9 9 9 5 E + 0 0 — rj 4 9 1 9 9 9 8 E + 0 1 , 0  . 0  0  0  0  0 0 0 E 0 0
2 3 9 , 7 . 0 OOOOOOE+OO -  o 4 9 1 9 9 9 8 E + 0 1  , 0  . 0  0  0  0  0 OGE+OC
2 4  0 , 7  . 5 0 0 0 0 0 5 E + 0 0 — c A Q 7 7  i: , 9 9 9 8 E + 0 1 , 0  . 0  0  0  0  0 0 0 E + 0 0
2 4 1 , 0  . 0 OOOOOOE+OO -  6 5 9 4 9 9 9 7 E + 0 1 , 0 . 0 0 0 0 0 OOE+OO

4 o 2. “1 .2. , 1 . 5 OOOOOOE+OO — *5 5 9 4 9 9 9 7 E + G 0  . 0  0  Q 0  0 GQE+QC
2 4 3 , 3 . 0 OOOOOOE+OO — c 5 9 4 9 9 9 7 E + 0 1 , 0  . 0 0 0 0 0 OOE+OO
2 4 4 , 4 . 5 G G 0 0 0 0 E + 0 G — o 5 9 4 9 9 9 7 E i- 0 1 , 0  . OOOOO OOE+OO

m
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-r 
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>t’ 
11 

. i 
r 

) 
n 

'V 
[ 

qi 
<t> 

n 
r) 

-r 
m 

if

ELEMENT, TYr

4 5 , G . OOOG OO OE + O G, —c 5 9 4  9 9 9 7 E - I - 0  i , ■j

4 6 . 4 9 9 9 9 9 5 E ^ G C , - G 5  9 4 g 9 9 -7 E-r,; I , 'J
1 “7 ~ . O O O O O O G E - O O , - G 5  9  4  9  9  9  e  -  9  1

1 w ~ . 5 0 0 G G 0 5 E - ! - j 0 ,  -  G 5 9 4  9 997E-S-G 1 , ,7

4 9 G . QOOOGOOE-rOO , - G G9 0 0  QG l E-rO i , 'J
5 0 , 1  . SOOOOOOE-r-OO,  -  G 6 9 7 0 G 0 1 E + 0 I , ,7

c,
■J 1-  f 3 . GOOOOOOE + OO,  - G G 9 7 0 0 0 1 E + 0 1 , n
C 7 4 . 5 0 0 0 0 0 0 E + 0 C , - G G 9 7 G 0 0 1 E + G 1 , 7

5 3 G . OGOOOOOE-rOO,  - G 6 9 7 0 0 0 1 E + 0 1 , ->

5 4 , G . 4 9 9 9 9 9 5 E + 0 0 ,  - G G 9 7 Q Q 0 1 E + 0 1 , 7

“ . GOGGGQOE-r-GC,  - G G 9 7 G  0 0  lE-i-G 1 , 7

5 5 , “ . 5 0 C 0 C 0 5 E - 0 Q , - G G 9 7 G 0 0 1 E -r G I , .7

T*i r " = C c t r -  , E L S E rr = !:. 3 0 0 0 C c :

su
o 1

_ “t ,
,  0 2 , 0 9 , 5 1 , 0 5

? 3 3 - ' 7 C 3 2
" r 7 c 5 9 ,

t 5 1 7 C* j  ,7 7 _
-3 ~ 4 4 , 4 5 , 3 8

, 3 S 4 5 ,  ̂ , 3 9
3 9 J  “7 4 5 , 1 7»
1 T 3 _ , 4 5

, 4 5 G J 4 5
, 4 5 5 4  , 5 5 , 1 7*

4 " , 5 5 , 4 w
, 3 , 5 0 , 5 1 , 5 3

5 3 , 5 1 , 5 2 , G 4

5 4 , 5 0 , 5 3 , ■J 0

, 5 5 , 5 3 , 0  4, 5 5

/ ^ O' 5 3 , 5 9 , 0  ^
, 5 1 5 9 , " 0 , in

,  5 2
— -\

-  , G 3

/ 5 3
-* • — 7 G 4

^  o , c 2

5 9 , — ~ “ ■ O

" 0 , ” 3 , ~ 9 , ■ 1
■7 * 9 , 5 0  ,

,  3 , 5 3 , S 4 , *7

,  ^ 5 8 4 , 3 5 , 7" *7
7* ”7 O G>j , 3 5 , 7  O

"7 O, ■ j  , 8 G, > j  ■ , 9

,  7 9 / 9 "7 0  cW u  ,
w 7

,  S 3 , 9 1 / 9 2 , w f

2  j,  *7 92 9 3 , 7  7

8 5 , 9 3 , 9 4 , 8  G

CO a
t 9 4 , 9 5 , 0 7

O "7 9 5 , 9 G, 0  0-j 0

, 3 1 9 9 , I C Q , 3  ?

9 2 1 0 0 , 1 0 1 , 9 3

9 3 1 0 1 , 1 0 2 , 9 4

9 4 , 1 0 2 , 1 0 3 , 9 5

O O C O C C O E - 0 (  
O 0 0  GO CO E - 0 (
J  ij ij

OQQQCGQE-
OCOOOOUL- rCu  
OOOOOOOE-rOG 
OCOOOOOE+CO  
C 0 0  0 0 Q 0 E -  G 0 
0 0 0 0 0  GOE-i-0 0 
0  0 0  0 0 0 0  E -  O' G 
OOOOCOOE- OC
 ̂n .•
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1 4 0 , 1 5 9 , 1 - 5 " , 1 6 8 , 1  c 0

1 4 1 , 1 8 1 , 1 6 9 , x  c  2

1 4  2 , 1  * 5 2 , •; *7 ,C * 7  ■; 1 6 3

1 4  3 , 1 6  2 , " *7 * 1 6 4

1 4 4 , 1 * 5 4 , -  x . ,
.  — q

1 6 5

— X , 1  *5 5 ,
,  -  2 ' “7 t — c  c

0 4 6 , 1  *5 6 ,
- -  j -  7  5 1 6 7

1 4 7 , 1 6 7  f 1 7  6 , 1 6 5

* 4  c 1 6  9 , * *7 *7 " 7  o 1 7 0

1 4 3 , I ”7 0 , * *7 O— x  , 1 7  9 , 7 7

— -j , ,  - 1*7  9 1 5  0 , * c  ^

- "7 c * P  c 1 Q 1 '  ~  G

— c  x . , 1 7  3 , — x  X , * g  -? 1 T 4

1 5  2 , 1 "  4  , - p  c * a 2 * " C

1 5  4 , ’ c  c • o  7 * G 4

1 5  5 , *! -7 — * o  £ 1 2  6 , * — c

1 5  c ,  c  c 1 8 6 , - C “* 1 "  9
.  -  - 7 C  G .  p  - * C G " c  p
* ^ t — x  x  , — x  X

* £  c ' a  p 7 O G 7 O Q 7 Q 7-  -  X , x  x  x  , — x  x  , .  u  7  , — —

£  G " P  “ 1 8  9 , 1 9 0 , 1 5 2

— C 'J
.  q  ~

1  9 0 1 9 1 , 1 8 3

1 6 1 , I S  3 , 1 3 1 , 1 9 2 - c  4

1 6 2 , ' o £ 1  9 3 , " 3 4 — x c

1 6  2 , 1 5  6 , 1 9 4 , 1 9 5  ,
- -  —

1 6 4 ,
. p  —

- 9 5 , 1 9  6 , * C C

1 6 5  , * o  c 1 9  6 , 1  9 ~  , 1 8  9

1 6  6 , 1 5  9 1 9 ~ , 1 9 8 , 1 9 0

1  c " , 1 3 0 , 1 9 8 , 1 9 9 , 1 3 1

1 6 5 , 1 3 1 , 1 3 9 , — ‘X 'J , 1 3 2

1 6 9 , 1 3 3 , 2 0 1 , 2 0 2 , 1 9 4

* C 1 3 4 , 2 0 2 , -2 J  , 1 9 5
♦ —

1 9 5 , 2 0 3 , 2 0 4 , 1 9 6
,  — -

1 9  6 , C C 4 2  0  5  , " G ~

. ^  -j
' 9 " 7 2  0 5 , 2  0  6 , - GO

* — *
1 3 5 , 2  0  6 , ?  "" 1  9  9

1 9  9 , '? P  c X lJ  X

1 ”* 6 ,

?  n  c

— o  9 ,
^

2 1 0 ,
,7 G

2  0  3 , 2 1 1
2 1  7

2  0 4

1 '  3 2  0  4 , 2 1 3 2  0 5

* Q C 2 0 5 , 2 1 3 7 4 •*> 0  —
x. X C

1 3  1 , 2 0 6 , 2 1 4 , 2 1 5 , 2  0 “

" P C 2 0 7 , 2 1 5 , ?  7 2 0 8
*■ q  *5 2 0 9 , 2 1 7 -7 -  C

1 8 4 , 7 C 2 1 2 2 1 9 , x.  X —

1 8 5 , -l  1  X , 2 1 9 , 2 2  0 , X. — _

1 8  6 , 2 1 2 , -i n  •  4.  j  ^ 2 2 1 , 2 1 3

u t 2 1 3 , 2 2 1 , X. X. X. , c  7 4

1 o  o  x  x  w , ; 1  J o  —i
2 2  3 2 1 5

1 8 9 , 9  1 C, 2 2 3 , _i t , 2 1 6

1 3 0 , 2 1 7 , 2 2 5 , 2 2  6 , 2 1 8

1 3 1 2  1  S , 2 2  6 , 7 7 7 2 1 9

1 3 4
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32
33

3“
98
.93
0 0

' r. a

3 5

: 1 9

23:

s. / 

O C
— U
O Q

:35
13 6 
_ 4 /
' *3 O
139
' J "i
' 4 ?
14 3 
' 4 4

:38, 2 4 6
:39. 243
: 4 1. 2 4 3

:50

2 5 3 
-» 1

155

12 9 
* 3 0

’ 3 2
’ *3 1
13 5
I 4 C 
:37 
’ T a.

. C
'-17

. 3  u

:51
: 5 2

- 3 3

3 n

. 2 y

2 3 9 
240

ICTICl 
., NA M E  = ~ 0 5 0

xcar.s i : r., :er:= • - .

'CONDUCTIVITY,TY?E=ISO 
5 . 6 2 0 E i- 0 0

* INITIAL C O N D I T I O N S , T Y ? E = T E M F E R A T U R E  
A L L , 910
' RE S T A R T , W R I T  E , FREQU ENCY = 4 Q 
'S T E P ,AMPLITUDE=STEP,INC=4Q
r  n  r

1,30 
' 'dioad

a i r e c c

rE 0000001, grav, 38 6, 0, 1, 
:emperat:ure, user

'BOUNDARY, O P = N E W
5SCC0001, 1,, 0. 0 0 0 Q 3 E - 00
" 2 4 9 , 1 , 2 ,  0 . OOOOOE-i-OO
'EL FILE, FREQUENCY = 30, position=averaged at r
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If) 
If) 

If)

S,E,sp
"el p r i n t , E R E Q U E N C Y = 5 , p o s i t i o n = a v e r a g e d  at nodes

*el p r i n t , F R E Q U E N C Y  = 5 , p e s i t i r n = a v e r a g e d  at nodes
s p , mises

" M S E T , N S E T = 3 S Q O O G 0 1
121, 12 9, 13 7, 145, 153,161, 169, 177, IS 5 , 
19 3, 2 0 1 , 2 0 9 , 217 , 225,233, 241, 249 
"E L S E T ,ELSET=SURF67

- - J / l - o f  -  — ' t 134, 141, 148 , 155

'ELSET,ELSET=SrJB F4 5
: a  -  7 o ,•

« ■ - * / -  — t  —

1 9 , 4 0 , :
-  t  t  ,  — ,  — ~

3 9 4 u. .7 * 7  QO VJ , ____ —' r o  5 — t _  __ a
-  f

q
0 ,

"7 * o 5 1  9 a 9 9 _ 5  c /  — a  J /

rn n
C “7 t

** r
O c  o 9 r ■_ -  / _  _ / a 0 ,

5 u  , 8  c 5 7 “7
t a 7  9 Q

t  — 9  5 f —
7.  7 ,7 7

JTH"* = S
r •* 
U R P* a q

c  a r; Q
^  r 8 a ” 7

8 7 ■3 3 o ** r
5 9

r 9 C a
-  t 9 c a

/ 9 3 .7 7

a
t

2 8 , 1 5 1 f 1 5 2 t 1 5 5 1 a  o /  - 5  9 /  —
a  9

t

5 a ' o f
" "7 3 f a 3  0 3  ” t  - 9 4 f — ■j  a r _ 7  C

n ~*
t

7 a
r i . o  - o  c

/  ~ 9 5
/  — U  -1 f 0  9

1 ,
C

f
* “7 5 t 1 o  7* 4. 3  9 r ~ 9 6 f  — 0  5 f 2

r L  1 0

i c IQ  ̂Jt o ,  t o ,  t  ,

subroutine uterapitemp,nsecpt, k s t e p , k i n c , t i m e , n o d e ,  o: 
include 'aba p a r a m . m c '
dimension t e m p ' n s e c p t  ,time 2 , coords ' 3 , r t e m p *2 60

2A T A  rtemp/
3 910.0, 910.0, 910.0, 910.0,
3 910. 0 , 910.0, 910.0, 910. 0
3 910.0, 910.0, 910. 0 910. 0
3 910.0 910.0, 910.0, 910.0,
3 910.0 , 910.0, 910.0, 910.0,
3 910.0, 910.0', 343.9, 5 3 0 . ” ,
3 910.0, 910.0, 910.0, 910.0,
3 910.0, — . -L , 04 5.9, 4 07.0,
3 910.0, 910.0, 910.0, 910.0,
3 9 i u . 0 , "10.5, 5 3 ” . 4 , 3 7 7 3
3 910.0, 910 .0, 910.0, 910.0,
3 ” ” 2.9 0 5 2.0, 530.4, 348.9,
3 9 1 0 . 0 , 910.0, 910.0, 9 1 0 . ^
3 099.3, 5 90.4 , 4 3 4.7, 3 2 0 . c ,
3 910.0, 910.0, 910.0, 310.0,
3 055. 1, 552.7, 453.7, 307.1,
3 910.0, 910.0, 910.0, 910.0,

o rcis
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$ 6 1 8 .  3 C 7  o 3 4 2 8 ow 2 9 5 — r

5 3 1 0 0 9 1 0 o , 9 1 0 0 9 1 0 o ,

$ 5 8  0 4 4 9 2 0 , 4 0 5 2 8 6 0 ,

5 3 1 0 c 9 1 0 u  , 9 1 0 Ci 8  6 ~ 6  ,

3 '  r 4 4 ~ 6 t 3  9 4 ? c ? 5  ,

3 9 1 0 3 9 1 0 r, 9 1  (j 7 3 2 3

3 ^ ? p 4 J C  1 i. . 3 7  4 3 2 ~ 6

3 9 1 0 3 9 1 0 c 9 1 0 7 ~  8  0 8  ,

3 5 1 5 j J  - 11 c 3  6 7 r~i 7 “7 -f
— r

3 9 1 0 0 9 1 0 3  C C J " C ? 6  ,

3 4  S  3 1 4 1 6 3  f 3 4 8 J 2 6 5 2. r

3 9 1 0 9 1 0 c 8 1 2 C 7/ 9 r

3 j  -  j 5 4 0  9 j  / 3 4  3 2 6 2 5  ,

9 i : c q : i - *7 q  ^ ' 6 - _ o

3 __T J j 3 8 4 c 3 2 5 - ^ "7 2  ,

3 8 3 c n C Q Q c -7 O 8 3 ,

3 4 3 c n ~ o  •-J CJ .i. •— I 3 2  3 r; 2  5 6 0

3 8 0  9 ^ " 5 6 9 9 5 6  C 9 6 ,

3 4 0  3 0 3  5 c _  . 3  0  c 5 2 5 0

3 ~  1  9 Cj c  9  c q 6 3  3 5  5  6 j

3 4 0 1 5 3 5 5 3 0 5 5 2 4 9 o

3 0  6 Qo 0 5 5 6 , 6 2  3 s 5 4 8 f
7  “7 O 3 3  3  0 a ^ 0 3 3 ? J  C 3

3 ' ; c -  * '*t
6  , 5  6 0 0 4  9 7 -  ,

3 j  r  3 j 3 ^ o — / 2  3  5 J 2  4 0 r

3 • 5 2 5 6 1 0 — / 5 5 5 9 4  3 5 4  ,

3 3 4 - 5 i 3 0 9 * "? c 0 — -5 C -  ,

3 5  5  8 j 7  4  r — / 5  0  3 _ 4  4  9 .  i

3 ^ 2
t 0  9 0 *■ c  c '  7

3 5 4  c 5  3  4 r 4  9 3 4  4  0 8 ,

3 3  ? c : ? o  o j 7 =L - - - c  - 0

3 = p  • 7 4  9 1 j J  c . - 3 4  0  9 5  ,
3 4 C - r 2 " 4 J  f 2 4 T 6 -  . i  _ 5  ,

3 -I ~  ~ 0 J  J C 6  , J  -I 0 7 *7 q 6  r

3 2  3 3 9 7 C ■’ 4  , 2 4 1 5 C 0  ,

3 4 4  3 -i -! 4  - -  r 4  -  * 1  ’ -

3 '  Q C w C *w' 4 , 2 3 8 - 2 1 6 c ,
3 4 1 2 9 4 0 6 3 , 3 8  0 1 i  4 c c ,

3 2  ~  6 7 0 5 5 2 3 5 5 2 1 c
3 3 9 9 o 3 9 3 7 3 6 5 3 3 6 c

3 2 6 8 9 2 4 9 “  f 2  3 1 c 2 1 3 t

$ 3 7 8 0 3 7 2 6 , 3 5 0 3 2 1 4 ,
$ 2 6 0 j. 2 4 1 o 2 2 4 7 2 0 8 o

o 3 6 3 5 3 5 8 3 , 3 3 7 3 1 1 — /

$ 2 5 5 o 2 3 8 4 , 0 2 0 6
e 3 4 7 9 3 4 3 6 , 3 2 4 6 3 0 0 4 ,

S 'P .1 ~ 9 2 3 2 i  t 2 1 7 1 2 0 2 9 /

n r o w = i n o d e - 1 ) /S- 1

P.C o  1 = n ode-8*n r o w

i r " w = 3 3 - nrow
1  z ; r i m e - 2, i  . g - 1.2T: w  ■ then

n h:. 5 =  1 z ..Te 2  - _r DW ■ ~ 8 ^ rl ̂
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temp 1 1■= r t e m p .n h i s ;
el s e

t e m p  1 , = 9 1 C  
end if
w r i t e  . c , *' no d e , t i m e  2 ,temp 1
r e t u r n
end

1 3 8
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APPENDIX B: Input file for temperature dependent properties of wrought AI 7050
material model

'HEADING
Property for ~ Q 5 C - 7 ~ 4 5 1 w i t h  temperacure dependent 
Perfect Plastic,no work h a r dening 
'NICE, SYSTEM=R,nsec=all  
Same as Appendix A)
'E L E M E N T ,TYPE=CPE4 ,ELSET = EC;G 00C 01 
Same as Appendix A,

'SOLID S E C T I O N , E L S E T = E G O O C O O 1,M A T E R I A L ^ " 05 IT
' MAT E RIA.L, NAME = 7 15 IT
' e l a s t i c
::.3 e 0 ,. 33,~0
9 . 4 e -5, .33,15 0
5 . 'e0, . 3 3 , 350
3 . 4 e c ,.33,50 0
le-5, . 4 9 9 9 , 9M5
'plastic
7 3 e ' ' “ n

r — — —

5 0 e 3 , .0,300
-t - , . 'J , 4 ‘u 'j

* -■ f z 0 C 
’ a — j   ̂ a*7 5
'e x p a n s : a n , z e r a = ~ 0 .
12 . 5 r4 — ̂

* ? E S T A P T ,W R I T E ,rREQUEMCY = 4 0 
" S T E P , A M ? L I T U D E = S T E P , IMC = 4 2
STATIC, direct
♦ r " -
* * :il :ad
~ E C 0 C 0 C G 1 , g r a v , 3 S 6, 0 , 1, 0 
' t e m p e r a t u r e ,user

'BOUNDARY,OF=NEW
BSOQOOOi, 1,, O.OOOOOEeCG
" 2 4 9 , 1 , 2 ,  0 . 0 0 0 0 0 E + 0 0
'EL P I L E , FREQUENCY= 30, p o s i t i o n = a v e r a g e d  at
S,E,sp
'el p r i n t , EREQUENCY = 5 , p o s i r i o n = a v e r a g e d  at nodes 
s
*el print,FREQUENCY=5 , p o s i t i o n = a v e r a g e d  at ncdes 
s p ,mises 
'END STEF
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m 
a-) m

-  \ T 2 j r T * M S
I T 'V

= B S 0 0 0 0 C

_______ ,  _  _ G  
-  / 1 5 -L *1 ^  ,  J.  ^ 3 r2 — f

___ rg 9 c
P

/ c 0  c.

'  9  2 ,  ?  2 *  r — u G
-  j ~  p  . ' , 2 2

c 3 -  f
1

_
1

9

<- £ 2 . 5  H I T t  — = S U R E €

-  - c ,  * * — / — — -*■ f ,  *  J 4 4 — _  -r •3 3 -  /
r

1 9 7  £  0 i
^  r

7  -1
— r

9 3 , 1 0 0
i

t  —2 7 /  — 1 4 , 1 2 1
c

t  —
G c

_ j
_ r -

1
-  / 5

*  /

1 3 8 , 2 0 - 1 t 2 1 2

' E 1 S E T t  — L S E T = S U R F 4
c
.J

G  G  ,  -  , o  P o  
r  ^ 7 , 9 4 , 1 0 1 c 0 0

/  — 1 5 j . r -
G
-  f

3 rj

1 3 4 , i " — r
* "7 o

^  t 1 8 5 , 1 9 J. 9 9 , 3  n 17 / 1 *3
- '  f

3  3 , 4  3 , 3  C /  - I 0 , S 7 , ~ 4 , 0 1 O
9 5 r 0 j . t  - 9 ,

1

* 1 1  ■* C 
-  *t *? ,

i
~  r

" c  _ o
^  t l c 5 , 1 " 9 , *! c •7 /

*1 3
3 , 2 0  C

r \

'  E L O E T f  — I - S E T = S U R F 1 _ p

*1 ,  — J , -  - /  —
~ 3  •*' c  

— r  — ~  t r
J

~  5 4
P;

/ 4 : f
j  ^

/ 4

1 2 , 5 c , /■ ■= — t 8 3 , 8 5 , •n 9 t
“ 7 2

o,  o - 1
O  3 04 O Q

t
3 7

9 1 9 r 3 - / 3 S r
•

p ’  - - -  -  c G

—  /  — -  r -

. , ~ 3  r  ,  . C C ,  

.6 0 , 16 " ,  
: c

. ,  — — , — .

- r -  f -  •- ^ r -
i s e r  s u b r : u : ; n e

s u c r : u r i n e  u t e m c - 3 e m c
1ne l u d e  1ta d a pa ram rn c

3 imens cerrc ■n s e cp : t ime 2
V-temp/

3 91 0 - f 910 9 1 0‘ . 0 9 1 9 . 0
3 910 7̂ r 910 2 91 0 . 0 9 1 0 . 0
3 91 ■ j 910 Q 9 1 0 . 0 9 1 0 . 0
3 91 0 0 , 910 01 9 1 0 . 0 9 1 0 . 0
3 3 i_ g n

- r 910 0 9 1 0 . 0 3 1 ' .  g

3 910  ̂r 910 0 843  . 9 5 8 0 . 7
910 910 G 910  . 0 9 1 0 . 0

3 910  ̂r ~ ~ ? 0 4 5 . 9 4 0 7 . 6
S

910 
910

^ r 910 9 1 0 . 2 9 1 0 . 0

p
H - r
0 , 910 g 91 0 . 2 910'. 0

3 3 f c 3 • 5 3 0 . 4 3 4 3 . 9
V 910 0 , 910 9 1 0 . 2 9 1 0 . 0
3 699 S, 5 90 4 0 c 7 320 . 6
3 910 0 , 910 P, 9 1 0 . 0 9 1 0 . 0
3 65 5 1 , 5 52 453  . 7 307 . 1
S 910 0 , 910 0 9 1 0 . 0 9 1 0 . 0
3 61 S 3 , 522 U-

*
to CO CO 295 . 2

3 910 n̂ t 9 1 0 p 91 Q . 0 9 1 0 . 0
3 con 1̂

 r 4 92 0 _1 " c. -7 JOf -I

3 91 0 0 , 910 3 * t  ~ 8 6 " . 6
$ 561 1

** r 476 p 3 9 4 . 1 282  . 5
3 910 t 910 0 9 1 0 . 0 8 7 9 . 1
3 R -1 0 3 .1 u • 4 , 4 51 1 374  . 9 2 ' *5 . *5

-— ■ t

s e c  c: :scec , .-::nc, r im e , r.:oc

1 4 0
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3 910 _ q 910 7 910 0 , 4 CO 0 0
S 515 3 441 7 f 367 6 , 274 G.
3 910 r\-/ 910 o , 0 7 7< 4 , " 52 rn
S 483 7 *t 1 7 340 9 , 2 65 -■>

3 91 7 0 910 ‘J / Cl ? _ I 6 99 7
3 j  7 j 5 409 J f 343 4 f 2 7 2 3
3 910 0 Q Q 1 _ f 7 3 5 — f 7 '■ ' G
3 j  j 3 3 S 4 q 32 5 r g —
3 S 3 7 o " 9 9 0 , — c 0 824
4 43 c 3 ° 7 2 , 2  ̂7 7 , 2 5 8 9
3 90 9 '7*7 5 5 , 7 9 9 80 9
3 4 0 3 7 3 5 7 -2 O 7 5 , _ 3 0
g "19 7 7 97 q 7 ,2 4 — / 3 3 7 1
3 1 P ’ o 7C; _ f 305 G 249 0
3 4 7 oj 785 8 , 7 2 j 8 , 5 4 8 "■

3 _ 3 3 3 0 9 795 9 , - 4 ? 2
3 4 ̂  W- w O i. 7 4 .2. 7 , 7 7 7’ 9 , 4 9 “
3 265 3 3 2 c f  ̂O G 2  ̂ t .7— *T ~
3  ̂ ^ 6 610 9 / 5 5 8 9 4 95 t

3 34 c 30 9 -> — 7 9 _ 4 7
3 553 3 5 4 c _ t 5 0 3 _ f 449 1
3 - 3 0 i 290 7; 2.05 9 ? 7 c 5
3 5 4 c 4 5 34 f 493 .7 440 G0
3 320 ? a c 4 , 2 5 7  ̂  ̂7 9
3 5 01 Ovj 4 91 9 , 4 5 5 5 , 409 5
3 301 n 2 " 4 7. 7 4. 7 7 , — — 2 5
3 453 C 445 7 , 414 9 , 2 7 0 6
3 2 0 3 j 2 7 ’ 4 , 7 -T “ 4 , 2 4 7 0
3 443 t 4 4 - - f 4 "1 * 9 2 — - 5
g 2 8 3 - j_ 7 ij 1 2 7 p 7 7 6
3 _i - - 7 J P o 2 33 0 j 2 r 6

3 2 9 9 4 3 9 3 2 " ■: q c t
----- p

3 2 cS 9 24 9 ' ? 7 : '  - 2 -
3 1~ a .7 7 7 7 7 , 3 5 0 •> 4
3 2 c C 2  ̂ t •»  ̂ 1.2. w *1 2 0 8 2
3 j r  J c 353 3 3 " 7 , - ~ * _
3 ' 55 •-I 238 4 7 — 4 7
3 “ J™ 9 3 4 3 7 , 3 2 4 7 , " p r 4
3 2 4 c 9 232 4 , 7 7 7 7 7 a
n row= no d e - 1 ) / s - -

co l =n o d e - 8  ~nr ow
i r ow=3 3 - n r ow
i f ( t i m e (2). gt.irowj then

n h i s = i t i m e (2)- ir o w i ' S + n c o I 
temp (1)= r t e m p (n h i s )

else
t e m p ( I ) = 9 1 0  

e n d  i f
write ! 6, ' node, time ; 2 ; , temp i 1 :
r e t u r n
e n d

1 4 1
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APPENDIX C: Input file for temperature dependent properties o f as-cast AI 7050 ingot
surface model

* HEADIMG
temperature dependent, as-cast A 1 - - 03Q ingot surface 
Perfect Plastic at temp>cOC 
linear work h a r dening at temp'-cO!
'MODE, SYSTEM=R,nset=all 
sarte as Appendi:-: A,

same as Appendix A,
'SOLID SECTION, E L S E T = E 00 0 C00 1, M A T E R I A L = ~  15 OS 
'MATERIAL,MAME=OQ5 0S
~0 .Lc2StI.u_C 
- .  . t e c , . j 3  , 1 'j 

. 3 4 e c ,  . 3 3 ,  2 0 0  
9 . ~ 5 e  2 ,  . 2 3 ,  4 0 0  
2 . 1 9 e  c , . 3 3 , 2 0 0 
5 . 4  l e t ,  . 33 , 3 0 0
~ ̂  -• I • i  ̂  ̂f 3 —
* C « aS tlC

'CONDUCTIVITY,TY?E=ISC 
t . c 2 0 E — 0 0

' INITIAL C O N D I T I O N S , T Y F E = T E M F E R A T U R E 
.ALL, 910
* R E S T A R T ,W R I T E ,FREQUENCY=999 
' S T E F , A M P LITUDE=STEF,INC=40 
'STATIC,direct 
1, 30
'temperature,user 

'B O U N D A R Y ,OP=NEW
3 S 0 0 0 0 01, 1,, O.OOOOOE-OQ
" 2 4 9 , 1 , 2 ,  0 . 00000E + OQ
'EL FILE, FREQUENCY’= 30, positiC'n=averaged at nodes
S , E , sp
'node print, frequency=30

1 4 2
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rc ora
'el print, FREQUENCY=3G, p c s i t x : n = a v e r a g e d  at r.cdes
s
'END STEF
'NSET,MSET=BSG0 0 Q Q 1
111, 119, 137, 145, 153, 161, 1-59, 17“ , 1=5,
- a a ? t.: ~r,q " • ~ ? T3 ? 4 1 ? 4 9-  -  ,  ~  r ■— ■ t  /  —     r — ?

'E L S E T , £LSET=SURF6'7
- — / - 4.-3 / --i J f 4. -i ,  » ̂  4 , — ̂   ̂ r ~ t , _ c _ , 4 c r* , .

,  -  ' J  ,  / -  -i 1 . ,  — — "  r —  r ~ 9-, -' ^  r -  1

/    f  ----

r -  ~ r -

<̂ £ ' fj ’ =  c r 7'p^p * 4  ^

c o  q j  : 1 1 1 0  **
■•J ■ ,  ?*1  ,  -L J. f J. ,  4. — , ------ - r

0  1 0  c  - q  7  1 q q 2 0 c , 2 1 3

£  n  r>*"? " a  0 1  2 9 Q 9  * *1?^ - J  , -  -  — ,

5  8 , 1 6 5 , 1 ~ 2 , 1 " 9 , 1 3 c , 1 9 3

5 E T = S U R F 1 2 3

? ~  ?  O 7 “  q 4— - , — , ---- < r -----r  -  • r
q c  1 -  iw ^  , *1 „ , *?

f-y f— *. O f» —4 1^  ^ r
0  •? o  c  c  1 0  q  o r s : 3 r  3-  -  r - f -
1 *7 - O 7 7 3

- »“> 4  * " r *  ̂ r m 3 ,  . j y

5 9 ,  1 6  >3, 1 7 3 ,  1  e  0 , i o "  * q  1

6 0 ,  1 6 7 ,  1 7 4 ,  1 3 1 , 7 0 0  1 q cj. 0  u  ,  ±  y  ^

,S i  ; ^  p  1 3 5  - 0 - 7  -  *  , »  - 1-  r — J  f —-j — , 1 3  9 ,  1 9  *5

r  -  -  - f  -  '  - f  r

n n  *1 
u  J . , ? Q O  ? 1 5

2 0 2 , 2 0 9 , 2 1 6
2 0  3 , ? 1 n , 2 1 “

'user suer out m e
s u b r o u t i n e  u t e m p ■t e m p , n s e c p t ,  b s t e p , b i n e  
i n c l u d e  1 a b a _ p a r a m . m e  1
d i m e n s i o n  t e m p ^ n s e c p t ■ , t i m e ■ 2 . , c o o r d s  j , r t e m p

m e ,n.ae,

r t e m c /
3 9 1 0 . 0 , 9 1 0 3 1  - 9  1  I .  I

3 9 1 0 . 0 , 9 1 0 - ci * ~ 9 1 2 .  2-

3 9 1 0 .  0 3  2  0 9  * 0
-• 9 1 2 .  1

3 9 1 0 . 0 , 9 1 0 c 9  ’  0 , 9 1 0 .  0

3 9 1 0 . 0 , 9 1 0 9 1 0 t

3 9 1 0 . 0 , 9 1 0 0  r 3 4  3 q 5  8  0  . ”

3 9 1 0 . 0 , 9 1 0 Q ^ 9 1 0 2 , 9 1 0  .  0

3 9 1 0 .  0 ' I J - _  f 6 4  5 9 4  C ”  .  6

3 9 1 0 . 0 , 9 1 0 ' j  , 9 1 0 '_/, 9 1 0  .  2

3 9 1 0 . 0 , ■7 1 n■' *  u — p  "7 4 3 7 ^  t '

3 9 1 0 . 0 , 9 1 0 n 9  r  0 Q 9 1 0  . 2

3 7 7 2 . 9 , 6 5 2 6 , 5  3  6
.1-i , 3 4 8  .  9

3 9 1 0 . 0 , 9 1 0 0 , 9 1 0 0 , 9 1 0 . 0

S 6 9 9 . 8 , 5 9 0 4 8 4 7  , 3 2 0  .  c

3 9 1 0 . 0 , 9 1 0 0 , 9 1 0 2  / 9 1 0 . 0

3 6 5 5 . 1 , 5 5 2 4 5  3 7 , 3  0 7  .  1

3 9 1 0 . 0 , 9 1 0 2  / 9 1 0 O r 9 1 0 .  0

3 6 1  £  .  3  ,
^  '“i "i

4  2  8 p ?  9 ^ c

3 9 1 0 . 0 , 9 1 0 . 0 , 9 1 0 n 9 1 0 . 0

14"
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$ 5 8 0 4 ,  4 9 2 4 0 5 t 2  8  6
3 4 3 0 9 * 0 0 3 1 0 • 4 r *j C ' 6 ,
2 5 6 1 4 ,  4 7 6 - 3 9 4 • 4 r

? 0  7

3 4 * ^ 0 , 9 1 0 3 1 0 *\« --j f 8  2 9 1 1

3 -  "» O 4 ,  4 5 1 _ f 4 7 4 4 _ c 6 ,

3 ? i o 3 9 1 0 7 “7 2  C

3 5 1 5 1 1 7 ^ 0 , 3 6 ™- ^ t ? T 4 _ r
3 4 " 7 0 , 3 1 0 ■J , 2 *7 “7 . 4 , ' 4 _ c  f

3 4 8  3 ~ , 4 1 6 7 7 4 0 4 2 6 5 2
3 9 1 0 0 ,  9 1 0 Q P 7 6 9 9 r
3 "T J 5 ,  4 0 9 2 3 4 3 2 »7 2 5 ,

3 9 1 0 0 8 8 1 7 " 8 5 • — t 6 7 7 U f

3 4 4 1 ~ 3 3 4 O 3 2 5 f 2 5™
3 23-5 6 ,  ™ 9 9 7 1 0—. '>j 2 ' 7 4 4

$ 4 3 6 6 ,  3 8 1 7 3 2  3 . 6 , 2 5 6 9 ,
3 2 0 9 7 7  "7 2 6 3 9 • 5 , 6 0 9 6 ,

3 4 0 3 0 ,  3 5 6 3 0 6 - 5 , 2  5 0 1 f

3 ~ * 9 0 ,  6  9 6 c 6 3 3 5 5 6 1*1 f
i 4 0 1 8 3 5 5 7 7 7. 2 p 2 4 9 c

3 . ;j  ^ 3  ^ 0 3 6 , 6 2  3 p» f 2 4 2 /
'  T ", ~ ^  1 0 9 ? o c • 9 , ^ 4 7 7

3 6 2 8 1 , 6 1 2 6 , 7 *7 -j • 3 , 4 Q" 1 f
j  r  3 3 ,  3 2 6 2  , T1 O 2 7 2 4 0 r

3 6 2 5 6 , c  1 0 4  / 5 5 5 4 4 95 j

3 j  4 c 1 3 0 9 -7 “7 •“>• 9 , 2  j r 1  /
3 5 5  8 3 ,  5 4 6 — r 5 0  3 • -4 / 4 4 9 -  ,
3 *3 : - 4 ,  2 9 0 - *' 2  2 4 ? 7 p

3 V c 1 ,  5 3 4 r 4 9 3 . -.j t 4 4 0 8  ,

3 7  ̂ 7 ? 0  0 4 , 2 5™ / __ 9 ,

3 " * 7  4  9 : 9 , *! J 3 4 -4 4

3 6  2 ™ 4 7 2 4™ • ^ / " ? ?

3 4 5 3 6  , 4 4 7 "1 2 6 ,
3 1 9 3 9 ,  2  6 ™ 7 ' 4 ' *  ̂ , 2  _  *7 ~ r

3 4 ^ 1 4 4" 7 4 * < 3 ™2
3 2 8  3 2 6 0 4 , 2 3 8 7 2 1 c 6 ,
3 4 i. 2 3 ,  4 0 6 7 0  7,0  u  ^ • 1  t 3 4 6 6 ,

3 2  1 6 7 ,  2 5 5 2 3 5 ■-\ *> — 
_  d. c _  r

3 3 9 9 6  3 9 3 3 , 3 6  8 r 3 3 6 0

3 2 6 8 3 ,  2 4 9 ^  f 2 3 1 0 2 1 3 7 f

3 3 7 0 0 ,  3 " 2 6 , 3 5 0 .  J . f 3 2 1 4 ,

3 2  6 0 2  2  4 1 c J 2 2  4 “7 7 :4 0 2. ,
3 3 6 3 C I COJ f  -> 33™ • ^ f 7 1 1 — /
C' 2 5 5 2 ,  2 3 8 4 , 2 2  2 . J f 2  0  c 2  t

3 34™ 3 ,  3 4 3 6 , 7 ■? 4 • ^ f 3 0 0 4 ,

3 2 4  6 9 ,  2 3 2 ? 1 “i • 4 t 2  0 2 9 /
n r o w = ( n o d e - 1  ’■7 8 - 2

n c c  I = n o d e - S ' n r o w
r o w = 3 3 - n r o w

1 f  ! t i m e ( 2 1 . g r ■i v- : w  1 • - h g r

n h i s =  f 7 :.me 2  - irow 1 - 3 * n c

7 e m c < 1 ' = =rremc i nhis :

e.se

1 4 4
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r a m p  > I : =  9 1 G 

and  i f
write ; 6,  ̂' node, rime ■ 2 : , remp 1
rsturn
end

1 4 5
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APPENDIX D: Input file for temperature dependent properties of as-cast Al 7050 ingot
center model

'HEADING
t e m perature-dependent as-cast 
Perfect Elastic at temp>600F, 
linear work h a r dening at Temp* 
'NODE, SY5TEM=R,aset=all 
same as Append!:-: A;

-E 1 E M E M T ,T V ? E=C?E- 
same as Append!;*; A,.

"SCLID S E C T I O N , E L S E T = E I 0 0(
"MATE R I A L ,NAME ='7 0 5 0a c
*’|5 i d S  l I C

1 j . 2 4 e 6 , .33,200 
3 . ~ 5 e 6, .33,400 
t . n3 e c , .33,600 
5 . 41e6, .33,S 00 
•e-5 atc
" C 1 C
1 3 e 3 , . 0
3!.11e 3, .3 06131,

~ ■ • ,  - - :ij

i n  C l

'  4

4 ;
-ec,

5.5 e 3, .0,600
t  <= t  r.. ^ .—  , 

. — — - i , .

'expansion, cer

5 . 6  2 0 E e  Q 0
'INITIAL CONDITIONS, TYPE-TEMPERA.TURE 
ALL, 310
'R E S T A R T ,W R I T E , FREQUENCY = 9 99 
' S T E P , A M P L I T U D E = S T E P ,INC=2 00 
'STATIC,direct 
0.25,30
't e m p e r a t u r e ,user 
a ̂  _
'B O U N D A R Y ,OP=NEW
B S 0 0 0 0 0 1, 1, , 0 . 0 0 0 0 0 E + 0 0
24 9,1,2, 0.000GQE+00 
'node print,FREQUENCY =120 
c o O' r d
*EL F I L E ,FREQUENCY= 999, p o s i t i o n = a v e r a g e d  a: 
S,E,sp

1 4 6

e n t e r

nodes
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<J
> 

<
j> 

</>
 

</>
 

0>
 

0>
 

<y>
 

l/>
 

</>
 

<j>
 

{j>
 

O 
t/>

 
C/>

 
(/>

 
C>

 
Li

t 
b

t 
i'

t 
(j

> 
. 

.. 
CJ1

 
(J1

 
u

i

’el p
s
’END
*MSET

13 3,2 
’EL S E 1

*  '  '  /  *

" ELSE'

r : n c , E R E Q U E M C Y = 9 9 9, p o s i t i o n = a v e r a g e d  at ncdes

QTrp
,NSET=3S0 0 0Q01

145 , 15 3 , 161, 1-59,
01,209 
T, ELSE1
— -j f  i.  .L J

M Q— — I  t  j ^ t — ^ -

=SLTRF67
127, 134, 141, 148, 155, 1-52, 169, 17 <5, 183, 190,

n * m  i i a 1 ?-t '  ? s  i 3 5  * j  ? : j a  1 ^w /  — -  r -  -  ^  ~  ^  , ---------  r — j  -J /  -  *s _  ,  ^  "t ^  r ^  c ) r ^  c  s> f
a -

T ,EL S E T = S U R F 4 5
p  o ~ t-> f  VJ 3  j  * n * 3 8 ,  1 -  CL

-  /
'  *7 C 

r — - 1 8 5 , 1 9 2 , 1 9 9 , 2 0 c
3, 6 0 n-7 f ~ 4 , 3 1 c c

f 9 5 ,

t* U
1

CO 1 6 5 ,  I -7 2 , 1 ~ 9  / 1 8  6
ELSE ’= S U R F 1 2  3
1 ,2 0 "7 ^ o  *; p

— f  — ~ ! ------
P 1 

r ~  ~  r -  ^  r

1, c2 c  ^  f  c o1/  /
— c o p  w 1 O z  

~  r — ~  r ^  " 0 1 ,

I s
t me

3 - j  / i l  , _ j 9 f ^  -  c ,  * r *  ,  — ; ■,
,192,200,20",214

J  -  - Z'  J  ^  ^  “  j c  j : ,  =l j

. -j 3 * ”3 Q ' i p , ---   r ^ -t f

/  *  -  /

-  ' r  -  w , ---------- — r ---------  f ---------- f

*! q •? * o q « r n *2 ? *! p.  ̂t ~
s u e r :
subroutine utemp {temp, nsecpt, kstep, Line, time, node, coords 
include ' aba p a r a m . i n c '
iimension t e m p ■n s e c p t ),t ; m e (2},c o o r d s <3 
5 m e n s  io p. AQ 'Si, Al (S', A.2 * 3  ■■ , A3 . S « , A. 4 S • , A5 • 8 ; ,

9938,

1611.015, 142 0 . 4 75, 1348.
1181.986, 1164.212,
-554. 94 1,-2 55. 201, -135. " 6 ,  15. S3- 
4 " . I- 0 04, 113.2156,

95.38 9 2 6 , 1 8 . 9 3 4 3 4 , - S . 40 428,-42.2662, 
-23.4835,-47.3849,

-8.787 0 3, 0 . 37213, 3.37667605, 7.0 32513443, 0 -

4.65 4 “ 94,3 .316509,
0 . 4 5 9 6 4 7 , - 0 . 1 3 1 4 5 , - 0  .31434,-0.53395 , 0.043811, 0.15365', 

-0.44423, - 0 . I-12 3 2 ,
-0.013300391, 0 . 00~4 38 04 ,0.01370 9“ 4,0. 0 2 11~~,

- 0. 0 0 3 0 3  64 32,-0.0 05 0 4 9 m 4 ,
0.02 0 832 2 8 6 , 0 . 3 3 1 0  93113,

0.0 0 0 2 2 1 4 2 5 , - 0 . 0 0 0 1 7 7  967,-0.00029137,-0. 0 0 0 425723,
7.7 67 4 9 e - 5 ,8.2 9424e-5,
- 0.000474339,- 0 . 0 0 0 6 6 9 5 3 5 ,

- 1 . 4 7 1 2 7 e - 6 , 1 . 5  92 8 7 e - 6 , 2.43408e-6,3.42794e-6, 
- 7 . 2 3 0 4 e - 7 , - 5 . 3 8 S 5  3e-7,

1 4 7
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3 4 . 1 8 0 0 3 e - 6 , 5 . o 6 0 9 5 e — o/
n r o w = i n c d e - 1 '/8 
ncolQ = node-8 rnr:w 
n c o 1 = 9 - n c e 10 
i r : w = 3 3 - nr c w
i f  r i m e . 2 i . g t . :rcw t h e n  

t = ~ i m e  ■ 2 -ircw
c r e m p = A G (nccI -Al ncc l '1-A2 nccl 

3 A3 ( nccl  ̂ i - A. 4 nccl; " . ' C ’C'C-AS nccl

temp 1■= c t e m p
i f :c r e m p .g r .311 c e m p .1 =911 

else
t e m p i 1 =912 

end if 
return 
end

1 4 8
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APPENDIX E: Input file for cooling rate dependent properties o f as-cast Al 7050 ingot
model

IMG

Perfect Plastic at temperature a b c v e  6Q0E, 
Linear work h a r d e n i n g  below 60GF 
Elastic modulus using fitted numbers 
'M O D E ,  S Y S T E M = R ,nset=all 
same as A p p e n d i x  A.':

Same as A.ocendix A.;
i T = E A L i . ,  i-i 

'  MAT E R I  A L , NAME = ~ 0 5 0 a c

: : . 4e6, .33,'G 
‘ G P1e ̂  p 3 10 0 
? . ' : e c , .33,40 0 
5.1 9 e 6, .3 3,600 
3 . A l e c , .33,300 
l e - 5 , . 4 9 9 9 , 9~5 
'p l a s t i c , d e p e n d e n c i e s 3 !

' 9f=

: - , * - / / -
1 L e3, O *1
5e3, .l~ / — r —
9Le3, .31234 5- t p. p' ̂  / • J t *t 'U f ~
9e3, .04 483 1,
;e 3 , . 0 , 60 0, 1
:e3, . 0 , w’JU , *
' ' I f • - / 9 " 5 ,  1
- , • J , —
llel, . 005 92,
5 e 3 , . J , — L; ‘J , —
’ e 3 , . 012485

te 3 , .0,400,2
33e3, h j 9 1 9 °
e 3 , . I,600,2
e 3, . 0 ,300,2
. • n o" c; ?-s , . U ,
'--If - lJ ," 0 , 3
’ a",- '-r • 0 0 5 6 6 , -
4e3, .i •? n n "5W , _ w ̂  , w-
9e3, .0 1 2 1 2 , 2 ■
3e3, .0,400,3
T 7 e 3 , . 0 3 9 3 T , ■
2e3, .0, 6 0 0 , 3
e 3 , . 0 , o U u , ̂
4 0^  t  • J  r 9 7 5 ,  3
5 e 3 , .0,70,4

r    /  -

1 4 9
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G . 0 9e 3 , .G G 5 3 9 9,7 G F4 
6 . 5e3, . 0, 200, 4 
8 . S2e3, .009682,200,4 
4 e 3 , .3,4 0 C , 4
' ^ ~ <=. *5 “ i r r o  j p T' ’- 1 .  - -   -----3 ,  .  u _  *t ~  ^  ,  -

2 . 5e3, .3 , 600 ,4 
.9e3,.3,500,4
- — J  * : 7 c i-  - f • - * -  ^  r *■*

^  j^-, * J r — 0 , ^
_ . c  — , . l u j. J J , _ 'J L' , ->

^ ~ j  r, c.. tc: _ , . t  - -1 / -1

4 . 2 e 3 , . 3 , 6 0 0 , 3
-  • j ^ - /  . J , ■_ !J U , 3

^ - a   ̂ 0 7 s ^
e:-:par.s: :p., ;er:=" “ .
3 . 5 e - 6  
DENS IT':'

C I N D U C T I V I T Y ,TY ?E = ISO

INITIAL CONDITIONS, TY?E=TEMPERATURE

RESTART, WRITE, FREQUENCY= 9999 
S T E F , A M ? L I T U D E = S T E ? , IMC=IICC 
STATIC,direct

temperature,user

' r. ; de print, FREQUENCY’= 9 9 9 9
'  -  .* ,  . i u

"EL FILE, FREQUENCY’= 9999, p o s i t ion=averaged at nodes 
S, E,sp
"el print, FREQUENCY' = 10G, pcsition= a v e r a g e d  at nodes

"el print,FREQUENCY=100, p o s i tion=averaaed at nodes 
s p D ,raises 
"END STEP
" NSET,MSET=BSQ0C001
121, 12 9, 137,145, 153, 161,169, l ^ ,  185,
19 3 , 2C1,209,217,22 5, 2 3 3 , 241,249 
"user subroutine

subroutine utemp(temp,nsecpt,bstep,bine, time,no 
include 'a b a _ p a r a m .i n c '
dimension temp t n s e c p t ■ ,t i m e '2: ,c c :r d s !3• 
dimension A 0 :S :,Al 8 >,A2 : S :,A3; S ) , A4 3),A5 i S . ,

150

de, o t o r ds
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<o 
in

~ -  3-2 2   ̂ 2 ^ 2 *< ^ C, ^ JZ  ̂ “’ /O a  _ a  . - .  J  ,  n . ±  ,  A ..1  ,  . - . J  ,  .“ . -  ,  . - . a  ,  .~ .C  , - - . ' /

3 1611. 315, 142 0 . 4 ~ 6 , 1345.53 9,1225. 511,114c. 33 -1,1124.;
3 1181.986,1164.212,
3 -55-1 34’ - ? 5 5 n t ' -'9- £ ' c = T " ^  - ~ i ' ■

3 95.SS 92 6 , IS . 93484,-8.4 0 428,-4 2 . 2 6  62,-9.62 85,15. : S 0 " ,
3 -23.4835,-47.384 9,
3 -8 . 7 8 7 0 3, 0 . 37213, 3 . 3~667605, ' . 032513443, 3 . 185 9348''?, -

: 5 9 G 9 9 3 8 ,
3 4 . 6 5 4 7 9 4 , 8 .3165G9,
3 G.4 5 9 6 4 7 , - 0 . 1 3 1 4 5 , - 0 . 3 1 4 3 4 , - 0 . 5 3 3 9 5 , G . 245311, 1.15365',
3 -0 .44423,-0.71232,
3 -0 . 0138 00891, 0. 007438 0 4, 0. 013'0 9 “ 4, 2. 0 2 1 1 " ,
3 — 0 . 0  0 3  0  3  6 4 3 2 , - 0 . 0 G 5 O 4 9 7

3 , j  n  ' : , ] o o ? ? o 6 , 0 . 0 3 1 0 9 6 1 1 3

3 1  .  0  0  0  2  2  1 4  2  5  ,  - 1  .  D C 0 1 ~ ~ 9 6 ~ ,  -

3 ■ c  1 4  3  0  ■“  "2 r -> * •— ' “t — “t e r  -  ,

3 - 0  .  0  0 0  4 " 4  3 3 9 , - 0 . 0 0 0 6 6 9 5

3 - 1 . 4 ~ 1 2 ~ e - 6 ,  1 .  5  9 2  5 " e - 6  2 . 4 '

3 - ~  . 2 3 0 4 e - ~ _  ~  ' , C C C O - . -  ,  ^  -  C  ,

3 4  . 1 8  0  C 3  e  -  6 , 5 . 6 6 0 9 5 e - 6 /

M e--

nr:w= ncde-1 78 
p.c: 1 0 = ncde-3 *r.r:v 
net l = 9-nccl0 
i r o w = 3 3 -nrow 
if r i m e -2 . at.iriw then 

t = time 2 ' -:r:w
ctemp=.AQ ■ ncc 1. -Al ■. rcc 1 *t-A.2 , nc; 1 *  t ~t-

A.3 • n c c l '  r z ~ z ~ z  -A4 •. ncc  I; ~z' rz' rz ' rz -s-A.5 . nc c  i ' ■ 
A. 6 : nccl * t r " t * z  ~ z  r t-A.7 m c c l '  ’■f't't-t'-t't'

t e m p 11 =ctemp
if c t e m p .a t .910: temp 1 =910

else
t e m p i 11=910 

end if 
return 
end

s u b r o u t i n e
’-field i field , kf i e l d , n s e c p t , k s t e p , kir.c, t i m e , n o d e , ccoras , temp, dtemp 

include 'aba_paran.inc' 
dimens ion

f i e l d ;n s e c p t },t i m e (2 >,coords i3 ' , t e m p ;n s e c p t ) , dtemp < n s e c p t ,
nr o w = !node-1 ) / 8
P.Co l = n o d e - 8 ’nrow
; e  i_ ; t n c o l .g e .1) . and . i.n c o l .l e .3; , f i e 1 d : 1; = 14 C (n c o l .e q .4 i field ’ ' =  ?
if <n c c 1 . e q .5 ) field (i ; =3.
if (n c o 1 . e q .6 } f i e l d (1 I =4
if ((n c o l .e q .7 j .o r . i n c o 1.eq . 8 i ) f i e l d (1)=5 .
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if 1 t i m e ! 2) .e q . 1 ! w r i t e i c , " '  n o d e , n r o w , n c o l , f i e l d ; 1 

end

1 5 2
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