Chapter eight

Material science and engineering

As we have seen that solid state theories can be used to transform microscopic electronic structures to the macroscopic bulk structures of materials. This can be manifested by predicting the bulk properties by starting from Schrödinger equation of many-body (electrons) system. The restricting computational facilities seem to be an obstacle in reducing the approximations used in the present theories. 

8.1 Alloy casting

Computer simulation of solidification and casting of metals or alloys is an important design step in which costs, efforts and precision problems that are faced in the practical situation is improved. The casting undergoes shrinkage that changes the castings shape and properties. In addition the rate at which the casting solidifies greatly affects its physical properties such as density, hardness, ultimate tensile strength, machinability, ductility…etc.

Directional solidification on the other hand greatly enhances some of the above properties and other properties such as magnetization as in ALNICO alloy. The direction of solidification is usually in the direction of temperature gradient 

Approximations are usually used in heat transfer simulation of a casting such as:

1- Giving constant values for material properties such as density, heat transfer coefficient and heat capacity for a range of temperatures.

2- Neglecting heat transfer by radiation for temperatures less than 1000 degree centigrade.

3- Equal heat temperature in one mesh

4- Neglecting complex phenomena of reactions and phases that produce energy.

5-  Neglecting heat transfer by convection for small temperature differences and high viscosity inside liquid metals.

6- Approximating heat conduction through the boundaries by simple conduction or convection equations.

In order to reduce the surface shape changes and reducing shrinkages and voids inside a casting several methods is used to increase temperature gradient inside a casting which will not allow the formation of voids. The increase of temperature gradient some times enhances casting physical properties since it usually increases cooling rates. Some of the methods that are used to increase temperature gradient are:

1- Use of chills.

2- Use of insulators and exothermic pads.

3- Use of a flame torch on top of casting.

4- Delaying a final alloy pouring till a surface defect is produced to compensate the surface shrinkage. 

The casting of an alloy usually involves two parts that accompany the production of geometrical shape of the alloy piece. These parts are the gate from which the alloy metal is poured and the riser that feeds the deficient alloy liquid when shrinkage begins. Some alloy material is also spent in the riser and gate formation. A good design is the one that reduces the above material to the minimum. 

As an example of the use of heat transfer solutions of the solidification of a casting, figure (8.1) shows temperature distribution in a casting without the use of any peripherals. A void is obviously is going to be formed at the middle of casting. In figure (8.2) a torch is used at the upper part of the casting. Although this torch does not eliminate the void, however a better upper surface finishing can be produced. Figure (8.3) shows a casting with heat sink and torch which eliminated the internal void.
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Figure (8.1.1): temperature distribution in a casting without any peripherals.
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Figure (8.1.2) temperature distribution in a casting with a torch
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Figure (8.1.3): temperature distribution in a casting with heat sink and a torch.

8.2 Effect of cooling rate on microstructure and properties

A typical aluminum casting with a cupper chill is shown in figure (8.2.1). This shape of casting is usually referred to as wedge casting. It is used to produce large differences in cooling rates between the three points C1, C2 and C3. These large differences will show the effect of cooling rates on the physical properties of the above mentioned points. In figures (8.2.2-8.2.3) experimental temperature against time profile at the three points is compared with theoretical finite difference predictions after a sand mold of the required shape is filled with aluminum alloy (6% silicon, 3.5 copper)[1]. In figures (8.8-8.10) the microstructure of the alloy at the three points is shown [1]. Table (8.2.1) show different physical properties measured at the three points [1].
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Figure (8.2.1): Wedge casing
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Figure (8.2.2): experimental temperature against time for point C1 compared with finite difference calculations.
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Figure (8.2.3): experimental temperature against time for point C2 compared with finite difference calculations.
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Figure (8.2.3): experimental temperature against time for point C3 compared with finite difference calculations.
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Figure (8.2.4): microstructure at point C1
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Figure (8.2.5): microstructure at point C2
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Figure (8.2.6): microstructure at point C3

Table (8.2.1): some physical properties at the three points C1, C2 and C3.

	Physical properties
	Cooling rate 0C/min.
	Elongation %
	Hardness (HV)
	Tensile strength (N/mm2)
	Grain size (µm)

	C1
	232
	3
	94.6
	260
	26.4

	C2
	62
	3.7
	76.2
	240
	40

	C3
	36
	4.9
	67.3
	201
	66.7


For steels Jominy end-quench test is used. Jominy end-quench test is a standardized laboratory test which is used to assess the hardenability of steel alloys. It is comprised of a cylindrical specimen 25.4 mm in diameter and 100 mm long is austenitized at a prescribed temperature for a prescribed time. After removal from the furnace, it is quickly moumted in a fixture. The lower end is quenched by a water jet of specified flow rate and temperature. After the piece had cooled to room temperature a shallow flats 0.4 mm deep are ground a long the specimen length and Rockwell hardness measurements is made for the first 50 mm along each flat. Finite difference method can be used to simulate the quenching operation and heat transfer in the Jominy end-quench specimen. The results of one-dimensional simulation using finite difference are shown in figure (8.2.7). The lower curve shows the nearest mesh to the quenching water. 
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Figure (8.2.7): One-dimensional temperature distribution simulation of Jominy end-quench test using finite difference method. Series 1 represents the far point of the rod while 9 is the nearest point.

8.3 Infiltration of liquid metal processing of composites
Metal matrix composites can be made by several methods. One of these methods is the liquid metal infiltration of ceramic porous capillaries. The forces that act on the metal fluid in the capillary are the surface tension, gravitational force, viscous drag and the end drag force. The last two of these forces have dragging force in the negative direction of the motion. The second force has a constant direction downward while the first force is always directed upward if the capillaries are in vertical position. The use of these four forces will lead to the following differential equation [10]
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where
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The symbols used in the above equations represent

h   height of infiltration

r   capillary radius

γ   liquid-vapor surface energy

θ   liquid-solid contact angle

ρ   density of liquid metal

μ   viscosity of liquid metal

g   gravitational constant


The above differential equation can be solved numerically by the methods of chapter one. Euler’s method will be used and applied to the infiltration of pure aluminum in SiC capillary tubes with the following physical properties

θ =500,

ρ =2280 kg/m3,

μ=0.8 10-3 Pascal.sec,

γ=0.82 kg.s-2,

r=10 μm.

The results for the height of infiltration as a function of time is given in figure (8.3.1) which coincide with other methods [10]. 
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Figure (8.3.1): infiltration height as a function of time for pure aluminum.

	Table(8.3.1): program for calculating infiltration height as a function of time for pure aluminum

	
IMPLICIT DOUBLE PRECISION (A-H,O-Z)


OPEN (7,FILE='O81204',STATUS='UNKNOWN')


THETA=50.*3.14/180.


RHO=2.28D3


AMU=0.8D-3

      GAMMA=0.82D0


R=10.D-6


HP=.01D0


TP=180.1D0


G=9.8D0


WRITE(*,*)'POSTULATED HIEGHT AND TIME'


WRITE(*,*)'HP=',HP,'   TP=',TP


WRITE(*,*)'SHORT TIMES AND SHORT INFILTARATION HEIGHT'

      HPP=HP

11
H=SQRT((RHO*R*R/(4.*AMU))*

     C((2.*GAMMA*COS(THETA)/(RHO*R))-G*HPP)*TP)


HPP=H


I=I+1


WRITE(*,*)'H=',H,'   TP=',TP


IF(I.LT.5)GO TO 11 

      WRITE(*,*)'CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC'

     I=0


WRITE(*,*)'SHORT TIMES AND ANY INFILTARATION HEIGHT'

 10   H2=SQRT(RHO*RHO*R**4/(32*AMU*AMU)*(8.*AMU/(RHO*R*R))*(2.*GAMMA*

     CCOS(THETA)/(RHO*R)-G*HPP)*TP

     c-exp(-8.*AMU*TP/(RHO*R*R)+1))


HPP=H2


I=I+1


WRITE(*,*)'H2=',H2,'   T=',TP


IF(I.LT.5)GO TO 10


WRITE(*,*)'ANY TIMES AND ANY INFILTARATION HEIGHT'


A=8.*AMU/(RHO*R*R)


B=2.*GAMMA*COS(THETA)/(RHO*R)


WRITE(*,*)'A=',A,'   B=',B


H=0.1D-4


HM1=0.D0


DT=0.000001D0


V=0.D0 

      NT=TP/DT+1


DO 12 I=1,NT


TOTTIME=TOTTIME+DT


HP1=2.D0*H-HM1+(DT**2/H)*(-1.25*V**2-A*H*V-G*H+B)


HM1=H

      H=HP1


V=(H-HM1)/DT


IF((ABS(INT(TOTTIME/10.D0)-TOTTIME/10.D0)).LT.1D-7)THEN

      WRITE(*,*)INT(TOTTIME),H,V 


WRITE(7,*)INT(TOTTIME),H,V 


ENDIF

12
CONTINUE


WRITE(*,*)'HP1=',HP1,'   T=',TOTTIME

      WRITE(*,*)'STATIC EQUILIBRIUM HIEGHT=',B/G


END


8.4 Welding

Welding process is one of the violent processes that have a sharp fall of temperature in the vicinity of high temperatures. In this process an amount of energy of heat or pressure is given as an input to a small amount of metal or alloy and causes it to melt in a certain temperature. This temperature should be high enough to give the needed time for the melted material to make connections to the surrounding material before it losses its temperature to the surrounding media and material. In the present example we shall use finite difference method to simulate the welding of butt joints, and the ways of controlling and treating   distortions in them, while welding plates of (low carbon steel) type (A-283-Gr-C) through using manual metal arc welding (MMAW). The quantity of these distortions are measured taking into consideration the extent of its agreement with the suggested computer – program.

Welding processes depends on local heating of the welded parts up to melting temperature. Simulations of welding relays on the solution of heat transfer equations accompanied with the appropriate mechanical equations. These solutions started at the thirties of the twentieth century as analytical solutions [1]. After 30 years more accurate numerical solutions started to appear [2]. The evolution of these solutions was a direct result of the advances in computer speeds. Numerical methods include mostly two methods, finite element (FEM) and finite difference method (FDM). Other less known methods also exists [3]. Finite difference method is more than a mid way solution of the over complicated finite element method and simple analytical solutions. Its main variables are temperature, time, geometry and materials properties. This method is still evolving to reduce large computer times of the 3D case [4]. Many kinds of distortions of the welded pieces occur during the welding process such as longitudinal, transverse, buckling and angular distortions. These distortions are due to the heating and cooling of both welded and filler materials. In this work we shall concentrate on angular distortions. In this work transient heat conduction equation is solved using FDM. This equation in Cartesian coordinates is given by:
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In the above equation, T, t, λ, ρ and c is the temperature, time, thermal conductivity, density and heat capacity respectively. Q is the volumetric density of the power input. This factor also includes the volumetric power due to phase transformation such as melting, solidification or reaction.  At the boundary, heat is exchanged with the outer environment via convection or radiation. Heat convection is described by the following equation

qc=h A (Tw-T∞)                                      (8.4.2)
Tw is the surface temperature, T∞ is the temperature of the surrounding fluid, A is the surface area and h is the convection heat transfer coefficient. Heat radiation is described by the equation:

qr=FεFGσ A (Tw 4- T∞4)                                (8.4.3)

Fε and FG are emmissivity and geometry coefficients. σ is Stefan-Boltzman constant. Finite difference method (FORTRAN language program) is used to simulate the welding processes. Input to the simulation program includes thermal conductivities, densities, heat capacities emmissivity coefficient, convection coefficient and geometry of the welded pieces and their surroundings. Current, voltage, efficiency of the welding machine are also given as an input to the simulating program. The finite difference method is used to solve heat transfer equations including conduction, convection and radiation. The simulation process includes two steps. The first step is concerned with the simulation of electrode heating and melting. Not all the input welding power is converted to heating the electrodes. Some of this power is lost in other parts of the electrical circuit. The overall efficiency is approximately 50% in most welding processes. This step shows that radiation is the dominant heat loss process due to the high temperature of the molten electrode and high emmisivity of steel. Convection through air and conduction of heat are less important in this step. The second step investigates the cooling of the molten electrodes in the joints and its effects on the welded plates. 3D Temperature distribution in the welded pieces are given as an output of the program and used to understand the extent at which the material of welded pieces are affected by the heat input of the welding processes. The angular distortions are also given as an output depending on the welding process parameters. Cooling rates and temperatures of the various parts is shown to interpret the microstructure and properties of the weld and base plates. These rates can be optimized and correlated to welding quality. Simplified empirical equations were suggested previously to calculate angular distortions such as [5]
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In the above equation, α is the thermal expansion coefficient, TS is the softening material temperature which is 600 degree Celsius for steel and θ is the groove angle. Another equation is given by [6]
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In the above equation, I is the current, U is the applied voltage, v is welding speed and H is plate thickness. These equations give rise to different errors depending on their sophistication.

Two plates of 200x100 mm sides are used. The welding is on the 100 mm side. Different thickness of plates is also used to explore the effect of welded pieces thickness on temperature distribution and angular distortions. This included 4, 6 and 10 mm plates. A welding speed of 78 mm/min is chosen. The current and voltage with the values of 24 Volts and 100 to 150 Amperes is used with E 6010 and E 7018 electrodes. The electrodes diameter is 2.5 and 3.23 mm. Square and single butt joints are investigated (shape of plates prepared space for welding). One, two and three passes is used to fill the joints. The above dimensions and materials cover a ranges that is around the consistent ASME (American Society for Mechanical Engineers) standards and ends at a slightly above the ASME standards. A welding machine (ESAB) is used. The plates are prepared by the above mentioned dimensions, cleaned and grooved in square or single-v butt joints
Generally, the value of angular distortions increased with the increase of input current. The kind, geometry and shape of the joints also affect the values of angular distortions. In figure 1 an upper view of the two welded pieces shows that temperature decreases quickly when the welding process proceeds. The value of temperature is less than half the original welding temperature just 5 mm after the advance of welding electrode. Figure 2 also shows the same reduction of temperature but in time scale. In this figure temperature reduces to less than half the original welding temperature in just 7 seconds. These two figures show the sharp temperature disintegration in both space and time coordinates. Figure 3 shows that temperature disintegration slows down as temperatures reduces to less than 1000 0C. Table 1 shows experimental and theoretical angular distortions in welding 6 mm thickness plates in one pass using single-v butt joints. In this table we can see that increasing the current does not always increases the angular distortion. This is due to the fact that increasing the current results in some fluid flow of the molten filler and base metal material which is not taken into account in the present FDM. However, the results of FDM are far better than the general empirical equations. Using more than one welding pass complicates the situation further. It is obvious from the results of table 2 that increasing the number of passes decreases the value of angular distortion but this has an economical loss of additional filler material and efforts.  Tables 3 and 4 compares the effect of using two and three passes on the angular distortions.  Three passes shows less angular distortions than two passes. However an optimal current must be chosen to obtain the minimum distortions. In the last table (table 5) a square butt joint is used. The angular distortions in this case are less than the comparable single-v joints. This is due to the fact that a contraction of the solidified filler molten material is equal both on the surface and inner part of the joint. However, square joints need more filler or electrode material than single v-joints. This also confirms that geometry has an important effect on angular distortion.
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Fig. (8.4.1) Upper view shows the distribution of temperatures between the two welded pieces after 15 seconds as welding process proceeds. Numbers on the axes represent mesh numbers of FDM.
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Fig. (8.4.2) Sectional view of the two welded pieces at 1, 7 and 13 seconds from the starting of welding process. 

Table (8.4.1) Experimental and theoretical angular distortions in welding 6 mm thickness plates in one pass using single-v butt joints

	Welding speed (mm/sec)
	Current (Ampere)
	Electrode type
	Empirical equation 4  (10-2)
	Empirical equation 5 (10-2)
	FD Computed angular distortion (10-2)
	Practical angular distortion (10-2)

	78
	80
	E7018
	1.44
	8.14
	5.865
	4.971

	78
	100
	E7018
	1.44
	10.18
	6.248
	6.995

	78
	125
	E7018
	1.44
	12.73
	6.648
	5.369


Table (8.4.2) Angular distortions in welding 6 mm thickness plates in two opposite pass using single-v joints

	Amperage of 1st run of welding (2.4 mm diameter of welding electrode)
	Amperage of 2nd  run of welding (3.25 mm diameter of welding electrode)
	Angular distortion (10-2)

	80 A
	100 A
	2.011

	100 A
	125 A
	2.145

	125 A
	150 A
	1.752


Table (8.4.3) Angular distortions in welding 10 mm thickness plates in two opposite pass using single-v joints

	Amperage of 1st run of welding (2.4 mm diameter of welding electrode)
	Amperage of 2nd  run of welding (3.25 mm diameter of welding electrode)
	Angular distortion (10-2)

	80 A
	100 A
	4.482

	100 A
	125 A
	4.612

	125 A
	150 A
	3.719


Table (8.4.4) Angular distortions in welding 10 mm thickness plates in three opposite pass using single-v joints

	Amperage of 1st run of welding (2.4 mm diameter of welding electrode)
	Amperage of 2nd  and 3rd run of welding (3.25 mm diameter of welding electrode)
	Angular distortion (10-2)

	80 A
	100 A
	3.422

	100 A
	125 A
	1.611

	125 A
	150 A
	2.032


Table (8.4.5) Angular distortions in welding 4 mm thickness plates in three opposite pass using square butt joints

	Amperage of 1st run of welding (2.4 mm diameter of welding electrode)
	Amperage of 2nd  and 3rd run of welding (3.25 mm diameter of welding electrode)
	Angular distortion (10-2)

	80 A
	100 A
	0.549

	100 A
	125 A
	1.707

	125 A
	150 A
	0.601


The formation of angular distortions is greatly affected by a number of factors. Among these are the input current, geometry of the joint, the thickness of welded plates and the kind, thermal and mechanical properties of the welded plates and filler material. Generally speaking we can observe the following points:

1-Angular distortions increase with increased current. This is true as long as that the melting of base plates does not reach the other side of the plate. If this happens some molten metal flows to the other side of the plates causing the distortion to decrease. A more sophisticated program is needed to account for the fluid flow of molten filler electrode which is not taken into account in the present FDM program.

2- Angular distortions decrease with the increased number of opposite passes. The opposite side welding tends to eliminate the effect of each other. Shrinkages at opposite sides of the welding tend to eliminate each other effects. This is opposed by increasing welding expenses and efforts.

3- Angular distortions decrease with the increased thickness of plates. This is due to the fact that each plate act by its own weight torque on the joint causing it to decrease. 

4- Square butt joints have fewer distortions than single-v joints. This is due to the fact that a contraction of the solidified filler molten material is equal both on the surface and inner part of the joint.

5- FDM results are better than simple empirical results since it takes into account more thermal and mechanical effects on the formation of the joints.
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Questions

1- Describe a mathematical method to simulate the surface of a casting or the shrinkage inside a casting. Write a flowchart for this method.

2- Nitriding and carburizing are two common methods for surface hardening. What are the equations that must be solved to simulate these two methods? Write a flowchart for these processes.

References

1- ‘Aluminum casting’, M. Sc. thesis submitted to the university of technology by Ahmed Muhammad Ali, (2003)

2- Computer methods for civil engineers by R. J. Cope etal, (1982).

3- Theoretical physics on the personal computer by Schmid etal, (1989).

4- Engineering equations by Hughes (1964).

5- Casting, ASM handbooks vol. 15, (1988). 

6- Numerical methods for engineers by S. C. Chapra and R. P. Canal (1998).

7- Material science and engineering by W. D. Callister (2000).

8- Rappaz. International material review 1989 V 34  no 3 p93)

9- ANSYS expanded workbook, second edition, (1996).

10- Software engineering – a practitioners approach, third edition, McGraw Hill, (1992)

10- G. P. Martins etal, Metallurgical transactions B,(1988), V 19B, P95.

_1114618000.bin

_1193843889.unknown

_1208983622.unknown

_1209187953.unknown

_1193843953.unknown

_1118242486.bin

_1114617851.bin

