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CHAPTER 3: MATHEMATICAL MODELLING

The present chapter aims to provide an analytical model based on mechanics of flow
forming. Upper bound solution has been used to developing a mathematical model for
estimation of power and forces. The upper bound model has been used by several authors
to solve different problems. [83][6], [30], [51], [52] This chapter is broadly divided into
two parts. The first part proposes a generalized upper bound model developed for a
generalized roller profile. The second part takes a special case of velocity field and develops
the model
3.1 Generalized Upper Bound Method
A generalized upper bound method has been proposed. The upper bound model serves two
function
i. It should provide flexibility to choose the deformation zone by varying the surfaces
separating the undeformed zone and deformation zone. For this, the model uses the
approach followed by Lambert and Kobayashi [84].
ii.  Todevelop a generalized expression of flow lines which always satisfies the volume
constancy
3.1.1 Generalized Kinetically Admissible Velocity
Let the profile of the roller be represented by equation (3.1) as function of z as
r= 0;(2) (3.1
Flow lines are the streamlines that are assumed to be represented by @(z) . Let the flow
lines be given as

r= 0;(z) = 0(z) +( (3.2)
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where C; is constant .
c
6 =< (3.3)

where n is the number of flow lines in the deformation region.

Let the surfaces S3 and S; are given as a function of z. Let surface 1 is represented by

equation

r=¢.(2) (3.4)
Similarly, surface 3 is represented by equation

r=¢3(2) 3.5)

In the present model, the surface 1, given by ¢,(z) generated by the intersection points of
flow lines @;(z) and z=2z (zy <z <z,) while surface 3, given by ¢;(z)
generated by the intersection points of flow lines @;(z) and z = z,4; (z, < Zp4i < Z.) a

shown in Figure 3.1
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Figure 3.1: Schematic diagram for developing generalized upper bound

mathematical model

Following assumptions are made for developing the mathematical model:
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(1) The material in the zone I and III are treated as rigid.
(i) The z coordinates of surface 3 can be varied as
i—1
Zj = Zg + h(zn — Zp) (3.6)
Where n = number of flow lines and z, is the intersection point of ¢3(z) with r=0 line ie z

intercept and z; is the z coordinate of i point on the surface 3.

(111) The z coordinates of surface 1 can be varied as

i—

Zni = 71 + = (Ze — Z51) (3.7)
Zg 1s intersection of ¢4 (z) with roller i.e. end point of roller section under consideration.
(iv) It has been assumed that z, = m' z,,, where m’ is a constant which can be varied to
control the length of deformation zone in the model.

where m can range from

1sm' < @254 (3.8)

n

(v) The velocity is assumed to be only axial in zone I and zone III.
(vi) Plane strain condition is assumed in zone Il and Vy is assumed to zero.
The kinetically admissible velocity field should satisty:
(a) Volume constancy criteria
€rr T €gg + €, =0 (3.9

(b) boundary conditions in zone I, that is

V,=Vo;Vg=0;V. =0 (3.10)
In Zone II,

Vg =0 (3.11)
In Zone III,

(3.12)
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3.2  Developing a generalized Kinetically admissible velocity fields.
The flow lines in zone Il was given by equation (3.2. Differentiating equation (3.2 with

respect to time, we get

or _ 00i(2) 9z

at 9z ot (3.13)
= 0'()V, (3.14)
The strain rates can be given as
. vy
€rr = 5F (3.15)
A Vr
€go —@4‘— (3.16)
v,
€z = 5 (3.17)
. 1(0Vg , 19V, V
ero =3 (5075~ 7) (3.18)
: 1(0Vg | 10V,
i =3 (572 (3.19)
. 1,0V, | OV,
& =2 (52 +5%) (3.20)
The normal strain rate is given below. Equating the value of V, in equation (3.15
— 0 U
™ a_r(w (Z)Vz)
" v, 0z
GO @DZ+ ¢ (2) 222 (3.21)
Also, differentiating equation (3.2 with respect to z
Z=9¢'(2) (3.22)
9z d )
Putting equation (3.22 in equation (3.21
e 1 v, 1
V,® (Z)Q()‘I‘ Q' (z )a ) (3.23)
Or,
12 aI/Z
V,0"(z )Q, Eh (3.24)
Also
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e. __0Vy Vi
00 ~ a9 ' 1
|7 1%
=0+2="
T r

Putting equation (3.2 and (3.14 in (3.25

- ®’(Z)Vz
€00 = 0

(3.25)

(3.26)

Putting the values of equations (3.17, (3.24, and (3.26 in equation (3.9, we get

1, 9’ @)V, | 9V,

VZ 9 (Z) o' (z) dz 0(2) a9z

=0

Simplifying the above expression,

Vz (@//(Z);_l_ 0'(z)

e W)) +2V', =0

Rearranging,

iz 1 ¢’ (2) _ _ V_’z
(‘D @gmt @(z>) =-29,

Integrating both sides, we get

" 1 9’ (2) _ _ v/,
f((Z) (Z)@,(Z)-l- @(Z))dz— [-2 v dz

Solving,

In@'(z) +In®(z) = —2InV, +Ina?
Where a’ is taken as constant of integration,
Simplifying equation (3.31

In(9(2)0'@)) = 21n ()

Simplifying again,

0()0'(2) = (&)

Rearranging,

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)
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a

"= Fore -39

Equation (3.34 gives the generalized kinetically admissible velocity in axial direction in
terms of chosen flow lines. The velocity fields in zone II is therefore given as axial velocity,
given by equation (3.34

Radial velocity in zone II can be obtained by substituting (3.34 in equation (3.14.

From equation (3.14 ; V,, = @' (2)V,.

Therefore,
_ 0'(z)
Ve =a 3% (3.35)
And
Vg =0 (3.36)

3.3  Conditions on choice of suitable flow lines
The flow lines are chosen so that the curves are continuous and differentiable at all the
points in the deformable zone. The only velocity discontinuity that should be present should
be at the surfaces S1, S2. S3 and Sa.
Some of the flow lines that can be
a) Linear flow lines :
Flow lines can be assumed to
r= @0(z) =a;z+b; (3.37)
where a; and b; are the constants
b) Polynomial flow lines of order n, which is given as
r= 0(z) = Y=l a7zt (3.38)

where q; is the coefficient of z*
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34  Upper bound formulation
Based on upper bound theory proposed by Prager and Hodge [85], for a rigid plastic von
Mises material and amongst all kinematically admissible velocity fields, the velocity field

should be chosen such that minimizes the actual maximum energy supplied J*, where
. 2 1. .
JF = \/—gaofv S €ij€idV +fs rlAVIds+fS mk|AV|ds (3.39)

In equation (3.39), the first term expresses power for internal deformation over the volume
of the deforming body. The second term expresses shear power over surfaces of velocity
discontinuities and the third term expresses the power loss due to friction at all surfaces in

contact with work-piece.

3.4.1 Power for internal deformation over the volume of deforming body

Let power required for internal deformation be given as

. 2 1. .
]1 = ﬁobfv EEijEijdV (340)
The term % 0y 1s called as effective stress while E €;;€;; 1s called as effective strain &

The effective strain in cylindrical coordinates is given as
S (3.41)
BENE AL :

2 |1
= 5\/5 [(érr - éGB)Z + (éee - ézz)z + (ézz - érr)z] + B(érez + éezz + érzz) (3’42)

Simplifying, the above equation,

= g\/[e‘ggz + €+ € 4 3(€re” + €02+ €10)] (3.43)
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The strain rates can be determined by choosing a suitable velocity field. Equation (3.34 to

(3.36 provides the generalized velocity field as a function of z

_ a _ 8" (2) _
V, = Tore V.= a 2@ and Vg =0.
So,
oW _ 2% 0z
=% = aor G4
Using equation (3.1 and equation (3.44,
.0 '@\ 1
rr = 6r<a (z)(z))c)’(z) (345)
Solving,
a1 mmsde 1 1 9@
€rr = @’(z)[ N0 T W(z)l (3.40)
0" o'z
a V4 Z)2
€. = — (3.47)
T 20 L,,(Z); @(z)l
Similarly, from the equation (3.16
_ o W
€060 = 50 T
. 9'(z) 1
= — 3.48
€60 = Yot o (3.48)
Similarly, from the equation (3.17
av,
€zz = 8z
! l n
€, = _% l@ (Z); @1 (z) ;| (349)
?(z)2  0(2)20'(2)2

From equation (3.20, €,, can be calculated as
1w %)
€rz = 2 (az + or

1 1
. _a ' (z) ¢’ (2)2 1 9'(2)2 0" (2)
€Erz =7 T T 3| 7 3 + T 3 (350)
*Nowzo @z o2 @D\ o2z o@z0 (202
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Rest all other strain rates are taken as zero, therefore

€9 =€gz; =0 (3.51)
Equation (3.48 to (3.51 gives the generalized strain rates as a function of flow functions.
For force estimation, the velocity field is assumed that should correspond to the contour of
the tool given by r = @(z). Once the @(z) is chosen, all the velocity fields and strain rates
are determined
In the present investigation, the profile of the tool is taken as linear. Hence, a linear
relationship between r and z is assumed by assuming linear flow lines given by equation
(3.52
Another assumption is taken that the surface bounding the deformation zone are taken as
linear as shown in Figure 3.2. A linear relationship between r and z is assumed by assuming

linear flow lines given by equation (3.52)
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Figure 3.2: Schematic diagram showing Surface of discontinuities S, S, S3 and S4

Assuming,

r=0(z)=mz (3.52)
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Where m is slope of the curve between r and z

Also,
2= ¢'(z)=m: and 9" (2) =0 (3.53)

Putting equation (3.52 and equation (3.53 to obtain the velocity fields,

VZ - (mz)m
Or,
a
V, = — (3.54)
Similarly,
m
N
a
V, = 7z (3.55)
Vg =0
(3.56)
The strain rates would be
. 1
€2 = — 5 737 (3.57)
—_a
€= T om 7 (3.58)
And
. a 1
€00 = - 32 (3.59)
. 1/0V, = OV,
€rz =5 (E + ?) (3.60)

€1y = —%K%) (1 —%)l (3.61)

And, 67.-9 = éGz =0

The effective strain rate will be given as
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1. . V2 [r. . . . . .
/5 €€ = ?\/[6992 + €+ €0 +3(€rg” + €9, + €:57)]

; 2
&= g\/[éggz ben +ét 4 3(ér22)] (3.62)
\/_ 1 a? 1 a? 3 (a2 1\?
\/ e A I (3.63)
\/— 3a? 1\2
\/[Zmzz3 (2)3) (1 B ﬁ) ] (3.64)
Simplifying,

€ = ima J [(8+(m~ %)2)] (3.65)

The effective strain rate comes out to be a function of slope m

€= S(m) BEE (3.66)
Where S(m) denotes the function of m which is independent of z
And,

N2

S(m) = r—r\/(8 +(m-2) ) (3.67)

From equation (3.40,
. 2 1. .
Ji= \/_ggof,, S Eij€ydV
= Zoof S(m)——dV 3.68
V3 0Jy (2)3/2 ( . )

To calculate the volume, the contact area is calculated on the basis of Figure 3.3 where R,
is radius of mandrel and S is the angle subtended by contact zone at the centre of the

mandrel.
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BRT” /Area Of
_"_i/ Contact
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Figure 3.3: (a) Schematic diagram representing front view showing interaction zone

between the roller and the workpiece (b) contact area taken in investigation

Let,
b =BR,, (3.69)
dV = bdA = brdz = b(m z)dz
Therefore,
Ji = Zoof, Sm) v

2 1
= |ﬁ005(m)fv(z)—3/2brdz|

2 1
= |Z0uS(m)[, 7z b(m 2)dz|

1
(2177

aemS(m) [* bdz|

-3
= |\/%00m5(m)b2(z)1/2|2|
= [ aums(m)b ((z)"* — (z)"))| (3.70)

= |\% oomS(m)b ((20)1/2 - (Zf)1/2)|

Putting zo = °/; and z; = /iy
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Ji= %JOmS(m)b <(r0/m)1/2 _ (rf/m)l/z)

Ji = = opVm Sm)b((ro) 2 - (r)/?) (3.71)

3.4.2 Power loss due to velocity discontinuity
Power loss due to shear at the regions of velocity discontinuity can be given by

Py = [ T|AVs|ds (3.72)
Using von- Mises yield criterion, the shear stress can be assumed as

t=K (3.73)
Velocity discontinuity takes place at surface marked as S; to S4in Figure 3.2. Power loss
associated with velocity discontinuity associated with surface S; would be

Pya, = [ K |AVy|ds) (3.74)
Where ds; = length of surface

= ["K (Vsinf — 0) ryd®
As the steady state was assumed, the velocity flow perpendicular to the surface would not

change. Therefore,

Vcos@ =V, (3.75)
Poa, = J, K (Vo tan 0) rd6 (3.76)
Or, Pyq, = K Vyrplnsec (a) (3.77)

Power loss associated with velocity discontinuity associated with surface Sz would be

Py, = fszK |AV,|ds (3.78)

Pg, = I, K |8V, ds

= f:of K (V -V, cosa) siATtadr (3.79)
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Since,
V= .V2+ Vz? (3.80)

Therefore, equating values of V, and V;. in terms of r, we get

/=4 () o)
Equating (3.81 in (3.79 and solving

Py, = 51Anta (m3/2 1 +m?»)({ro - J17) = Vo cosa (1 — rf)) (3.82)
Power loss associated with velocity discontinuity associated with surface Sz would be

Poa, = [ K |AV3]ds (3.83)

Poa, =] 5 K Vsing ds; (3.84)
Or,

Pya, = Ka\/_\/_( + 1) r:(1 — cos ) (3.85)

Therefore, total power loss due to velocity discontinuity at surface S4is taken as zero as
there is no surface at which change in velocity takes place.

Pyqg = Pya, + Pyg, + Pyq, (3.86)
Where the values of P,q,, Pyg, and P, are obtained from the (3.77, (3.82 and (3.85

respectively.

3.4.3 Power loss due to friction
The power loss due to friction takes place at two contact surfaces- between the workpiece
and the roller surface and between the workpiece and the mandrel. The expression of power

loss due to friction can be given by equation (3.87

Prric = [ mk|AV;|dA (3.87)
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3.44 Power loss at work piece- roller contact region
The roller-workpiece contact region is a complex region and its area is dependent on the
thickness reduction. To calculate the contact area between the rollers — workpiece, either
the contact area can be approximated as

(1) a rectangle with surface area equals SR, At (refer Figure 3.3)

(i1) as an ellipse as shown in Figure 3.4. The major axis, 2a, of the above ellipse is

equal to the chord of contact which can be given as

Preform ‘_C'"‘

Roller "m

(@) (b)

Figure 3.4: Roller — Workpiece contact region approximated as ellipse.

Area of contact ( assumed to be an ellipse ) is derived below.
Let. the major axis of the elliptical regions is 2a’ and the minor axis is taken as 2b’.

a' = 1y, sinf (3.88)

- JRMZ — Ry — 22 (3.89)
Where,

AR = thickness reduction = At = final thickness —

(3.90)
intial thickness
And minor axis
b = ATt —¢ (3.91)
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Therefore,
The area of contact = mab (3.92)
[AR2
Total frictional Area = n% % + Ry At (3.93)
At . AR?
= n?,/RMAt (assuming - < Ry At) (3.94)

Therefore, the total interaction area between tool and workpiece in the deformation zone

(region 2) would be
At
Prrictw = J ,muKVysina dAry, (3.96)
. At
= mykV,sina m— Ry At (3.97)

3.4.5 Power loss at workpiece- mandrel contact region
Let the coefficient of friction between the mandrel and workpiece by m, .

Power loss due to friction at workpiece — mandrel interface will be
Prricow = | MaKVodApm,=m,KVo(ro —17) Er, (3.98)
fricmw 542 0 mw 2 o\'o flz'™M .
Where 2 Therefore, the total power P required for the deformation would be

PT:Pin+Pvd+Pfric (3.99)

The total power given by equation (3.99) doesn’t include redundant work. So, the power
calculated will be less than expected. To account for a factor 1, is introduced to take into
account the redundant power and other losses during the experimentation. So the total

power will be given by equation
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P
Peotar = - (3.100)
3.5 Calculation of average force
The axial force F, can be obtained from the power,
p ota
Foxiar = =2 (3.101)

Vo
Assuming circumferential force to be negligible in case of axisymmetric workpiece, the

radial force F,. can be obtained using the equation (3.102)

Fa

- (3.102)
tana

r

The equation 3-101 gives an approximate relationship assuming the circumferential force
to be zero. However, from the literature, the circumferential force would be least among
the components of forces. Assuming, a finite value of circumferential force, then the radial
force is obtained by modifying equation (3.102) by introducing another constant term 7, .
The constant 7, is introduced to take care of the errors introduced due to neglecting of

circumferential forces. The modified expression is given by (3.103)

E
Fragial = r/nr (3.103)

The net flow forming force can then be calculated as

Frotar = \/Fradialz + Faxia12 (3.104)

Where Fi,tq; represents net flow forming forces.

The values of the constants 1, and 7, are always less than one. The values of these
constants would depends on the material, the experimental conditions and also on the
choice of velocity field function which is assumed to be linear in the present investigation.
Hence, these constants must be calculated based on experimental data. In the present

investigation, the values of 7, and 7, for Al6101 from initial trial.
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3.5.1 Validation of Mathemtical model for Al16101 T6

3.5.1.1 Calculation of values of constants n, and 7,. for A16101 T6

For Al6101, the results of FF02 are taken as reference for obtaining the values. For FF02,
the following values are different variables are taken, mandrel radius = 63 mm, initial
thickness =2.5mm, attack angle =30°, friction coefficient m1 and m2= 0.3 mm, feed

=0.04mm /rev, mandrel RPM= 420 rpm and g, = 280 MPa.

Table 3.1: Calculating value of n, and n,. for A16101 T6

Pas | %TR | Calculated | Experimental | n, | Calculated | Experimental | 7,
S Per Axial force (N) Radial radial  force
Pass force (N) force (N) | (N)

1 10 180.9 661.8 0.28 | 1114.4 1148.2 0.97
2 11.1 180.1 654.2 0.27 | 11335 1143.1 0.99
3 25 506.2 1580 0.32 | 2738.3 2813.2 0.97
4 16.7 178.9 673.2 0.26 | 1166.7 1186.9 0.98
5 20 179.24 705.3 0.25 | 1222.4 1251.2 0.97

From the experimental trial, the average value of 1, can be taken as 0.28 whereas
7, can be taken as 0.98. The low values of the constant suggest a complex state of stress.
Using the values of n, and 7,., the force model can be validated with the results of another
experimental trial . The values of forces and the error of difference in measured force and

the calculated force for the sample FFO1 are summarised in Table 3.2.
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Table 3.2: Validation of mathematical model for Al6101 T6

Pass | At  (per | Fa(cal) Fa (exp) | % Fr (cal) Fr(exp) | Error
pass mm) | (N) N) Error | (N) (N) (N)

1 0.1 646.0 665.3 2.99 1142.5 1114.5 245

2 0.2 1791.5 1695.8 534 | 31683 2939.0 7.24

3 0.2 1807.9 1887.9 4.43 3197.2 3271.9 2.34

4 0.2 1828.1 1985.7 8.62 3232.9 3441.4 6.45

5 0.1 657.1 702.6 6.9 1162.0 1217.7 4.79

From the table 3.2, the difference between the experimental force and the calculated force

from the model has been found to be less than 10% which validates the model proposed

above for Al6101 material. The values of 7, for Al6101 in general would range from 0.25

to 0.35 while n,- would in general range from 0.95 to 0.99, depending on the geometrical

and other process parameters. The 7, values are expected to close to 1 if circumferential

forces magnitude becomes negligible.

3.5.2 Validation of the mathematical model for 7075

3.5.2.1 Calculation of values of constants 1, and n,. for A17075

For Al7075, the results of 7F03 are taken as a reference for obtaining the values. The

material is softened by heating the preform at 470°C for 3 hours. The following values are

different variables are taken, mandrel radius = 32.4 mm, initial thickness =1.5mm, attack
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angle =309, friction coefficient m1 and m2= 0.3 mm, feed =0.04mm /rev, mandrel RPM=
420 rpm and oy = 231.4 MPa. For calculation of the i, andn,., the force values of
experiments with A17075 heat treated samples — sample 1(F04N250), sample 2 (FO8N250),

7F02 and are validated with results of flow forming of samples 7F04 (Figure 4.25).

Table 3.3: Calculating value of i, and n,. for heat treated samples of A17075

Sample | %TR | Calculated | Experim | 7, | Calculated | Experimental | 7,
Per Axial ental Radial radial ~ force
Pass force (N) | force (N) force (N) | (N)
FO4N250 | 33.3 | 478.4 1417.4 0.34 | 2749.4 2836.3 0.97
FO8N250 | 33.3 | 478.4 1552.9 0.31 |2749.4 2901.7 0.95
TF04 20 209.0 783.2 0.27 | 1201.1 12453 0.96
F04N420 | 33.3 | 478.4 1526.9 0.31 |2749.4 2843 0.97
FO8N420 | 33.3 | 478.4 1710.1 0.28 |2749.4 2925.2 0.94

The result of the table shows that the consistency of the values of 1, and 1, in five different
samples validates the mathematical model that have been proposed. The table shows the
value of n, lies between 0.27-0.32 and 7, lies between 0.94 - 0.97. The maximum error
that can be introduced in axial force is given by

Maximum error in case of overestimation of axial force

_©32-02n) (3.105)
B 0.27 B
Maximum error in case of underestimation of axial force =
(3.106)

(0.32—0.27)X100 — 16
0.32
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The maximum error is the case of maximum overestimation or underestimation. The error
can be reduced by taking the average values of 17, =0.3, which mathematically reduces the
maximum error in case of overestimation of axial force to 11% and in case of
underestimation of axial force to be 6 %.

Similarly, the maximum error in radial force in case of overestimation would be given by
equation ((3.106).

Maximum error in case of overestimation of radial force

_@97-008) (3.107)
T 094 TR

Maximum error in case of underestimation of radial force
_097-008) (3.108)
T 097 — o

Therefore, a theoretical maximum error of 3.2% would be expected between the predicted
radial forces and the experimental radial force. As the radial force is the dominant force,
the low error values in radial force would converge the total error in estimation.

To check the validity of the model in multipass force estimation, the average value of n,
for A17075 heat treated samples was taken as 0.3 and that of n,. is taken as 0.96. Taking the
above values of n, and 7,., the calculated force and experimental force for sample 7F04 are

compared and the error in force is calculated . The results are shown in table 3.4.
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Table 3.4: Validation of mathematical model using n, =0.3 a nd n,- =0.96 for 7075 heat

treated 7F04 (Figure 4.25)

Pass | %TR | Fa(cal) | Fa(exp) | % Error | | Fr(cal) | Fr(exp) | |% Error|
(N) (N) (N) N)

1 26.67 | 1101.3 982.30 9.08 1967.8 | 1779.4 10.5

2 36.36 | 11243 1182.90 5.21 2008.9 | 1996.1 1.7

3 28.6 1072 1153.20 7.02 1746.2 | 1759.2 0.91

The result shown in the table shows the error in predicted values of axial force was within
10%. In the first two passes, the estimated force was found to be higher than the
experimental force with the maximum in the above case was found to be 9.08%. In the third
pass the calculated force was less than 7.02 % less than the experimental force. However
the difference in calculated force and the experimental force was found to be 0.91% to 10.5
%. The result showed that the estimated force by the model was higher than experimental
force for the first pass. The results showed that the mathematical model gave
overestimation for initial passes but the mathematical model gave underestimation as the
number of passes increases. The model therefore gave satisfactory result in the present
investigation for the initial passes, however the result for multipass may vary if number of

passes increases. Therefore, the model would be applicable for lower number of passes.

3.5.3 Validation of the mathematical model for A12014
3.5.3.1 Calculation of values of constants na and nr for Al2014
The preform of the A12014 has been softened by heating the preform at 413°C for 2 hours.

The following values are different variables are taken, mandrel radius = 32.4 mm, initial
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thickness =1.5mm, attack angle =30°, friction coefficient m1 and m2= 0.3 mm, feed
=0.04mm /rev 0.08mm/rev mandrel RPM= 240 rpm and 420 rpm and 6o = 276.6 MPa.
The mathematical model suffers with the limitation that the contribution of the mandrel
rpm and feed rate cancelled out. The variation of the flow forming forces with mandrel
speed and the feed rates have not been accounted. The actual measurement of forces for
samples FO4N240, FO8N240, FO4N420, FO8N420 (Figure 4.47) showed that the flow
forming depends on the mandrel speed and feed.

As seen from section 3.5.2, the model would be more applicable for lower number of
passes. The validity of the mathematical model has been checked for A12014 have been
checked for the second passes of the samples. Table 3.5 shows the values of 3, and 1, in

the experiment study of A12014.

Table 3.5: Calculation of mathematical model using n, and n,. for 2014 heat treated

samples.
Sample | %TR | Fa(cal) | Fa(exp) Na Fr (cal) | Fr(exp) 1,
(N) N) M) (N)
2014(3) | 20 133.2 452 0.29 230.9 798 0.29
2014(4) | 30 251.80 698.2 0.36 436.5 1229.1 | 0.36
2014(5) | 40 407.1 1067.3 0.38 705.6 1962.3 | 0.36

In the present investigation, the values of p, and i, for 2014 samples were found to be
different than the values for AI6101 and Al7075. The value of n, has been found to lie
between 0.29 and 0.38 while the values of n,. has been found to vary between 0.29 and

0.36. The small variation in 1, and n,. validate the model with the experimental results.
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