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Abstract

The examination of the high temperature plastic properties of metallic materials was realised by
the torsion plastometer SETARAM or by the compression plastometer DIL805A/D. The brass
CuzZn30 was used as the test material. Peak stress detection was performed for two independent
variables, temperature and velocity of deformation. The set experimental plan forms the test
array 5x4, i.e. five temperatures 650, 700, 750, 800, 850 °C and four strain rates of 0.5, 2.5, 12.5
and 25 s, It was necessary to evaluate measured data and to determine the mathematical model
of the peak stress. For this aim, the Garofalo equation was used. This equation contains 4
material constants. The currently method used to determine the material constants takes a
relatively long time and requires a number of auxiliary calculations. In this method, nonlinear
regression is often used, which requires the initial estimation of parameters. The article presents
a mathematical analysis and a simple methodology for calculating the material constants of the
Garofalo equation. A general linear regression is used for the calculation that does not require an
initial estimate of the material constants. The numerical calculation of material constants is
documented on the measured peak stress data.
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1 Introduction
The Garofalo empirical equation [1, 2] is used to describe the high temperature deformation,
which describes the strain rate in relation to the flow stress and the absolute temperature

v'=C [sinh(a. p )]n -exp(_ %J

1)
kde ¢’ [sY] - strain rate

T [K] — absolute temperature

op [MPa] — flow stress

Q [J.mol 1] — activation energy of deformation

R [J.K1.mol ] — universal gas constant

n [-] — material constant

C [s1] — material constant

o [MPa!] — material constant
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Extensive analysis of the Garofalo equation (1) and the flow of material has been carried out by
several authors [3, 4, 5]. Material constants are determined from the measured actual stress
values, which are defined by the temperature and the strain rate. [6, 7]. Different mathematical
methods and nonlinear regression [11, 12] are used for searching constants n, Qa C [8, 9, 10].
Calculation of material constant « The Eqg. (1) allows a description of strain stress
dependencies for specific thermodynamic conditions of forming. For high strain temperatures
and low strain rates, the condition a-c <1 applies, (the data in row of temperature 850 °C in
Table 4), therefore Eq. (1) can be reduced to the form [13]

’ ' Q n
=C'exp| -—— |-0' !
4 p( RT]

(2)
For condition o.- o >1, (the data in row of temperature 650 °C in Table 4), that is fulfilled when

forming at lower temperatures and higher strain rates, it is possible to reduce Eq. (1) to the form
[13]

¢ = C"-exp(— %)exp( -6) (3)
while
p=on, @)

The following procedure is used in [3] to determine the material constant «. The constants n;
and g are calculated from Eqg. (2) and Eqg. (3). For this aim, these equations have been
transformed to the form of a line equation by using the logarithm

Q

Ing'=INC——-+n,-Inc
%4 RT 1

(5)
Ing'= InC"—g+B~c
RT (6.
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Fig. 1  The line directive determines the constant n; = 5,3420

The data in the row of temperature 850 °C in Table 4 were used to calculate the constant n; of
Eq. (5). Similarly, the data in row of temperature 650 °C in Table 4 were used to calculate the
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constant gof Eq. (6) [13, 14]. Because the data at constant temperature were always used, the
first two members on the right of equations (5) and (6) are also the constants. Eq. (5) expresses
the dependence Ing’'—In o and Eg. (6) the dependence In¢’—o . The graphical representation of
these dependencies is in Fig. 1 and Fig. 2. Obtained values n; and g allow calculating the
material constant « for CuzZn30 brass using the Eq. (4)

B 0.0495

o= =0.00927 MPa™
n, 5.342 )

3 CuZn30, t=650 °C

In@” (In s7)

y = 0,0495x - 4,0984
R* = 0,9985

60 85 110 135 160
G, (MPa)

Fig. 2 The line directive determines the constant g = 0,0495

Calculation of material constant n. If we use the logarithm operation on the Eq. (1), we get
linearized form of this equation
Ing'=1In C—g+n-ln sinh(a-op)

RT (8)
In Eg. (8) we use transformations y =Ing'andx =1In sinh(a- cp). At the same temperature T, the
expression y, =InC—Q/RT is constant. Then the form of Eq. (8) will be

y= y0+ n- X|T:c0nst (g)

where material constant n means gradient of the line (9). For constant temperatures Eq. (9)
represents a set of lines. The graph of the lines will be view in the coordinates In ¢’ In sin(a.op)
for points with the same temperature [15]. Fig. 3 shows five lines for our five temperatures. The
gradients of these lines represent the material constant n for a corresponding temperature. The
values of this material constant n are calculated in Table 1 for every line. The resulting value of
the material constant n for the whole test array is given by the arithmetic mean

m=5

n :i-Zni _2L83% _ ) 3679
maa 0 0

Table 1 Line parameters (constant n) shown on the Fig. 3
i ti (°C) ni (-) R?
1 650 3.9724 0.9997
2 700 3.9798 0.9905
3 750 3.9515 0.9385
4 800 4.9117 0.9608
5 850 5.0242 0.9231

Sum — 21.8396 —
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Fig. 3 Line plots at different temperatures determining material constant n [15]

Calculation of material constant Q. The material constant Q represents the activation energy of
the deformation. To determine the value of this material constant we use Eqg. (8) [16, 17]. This
method is highly demanding for the data processing time and the determination of the material
constant Q [18, 19, 20]. In Eqg. (8) we introduce transformations y=In sinh(a-csp)
and x =1000/T . Expression y, :(In(p'—ln C)/n means y-intercept of the line, because the
strain rate is for the corresponding line constant. Eq. (8) takes a form [3, 15]

Y=Yot k- X|(p':const

(10)
where
- Q
nR (11)

The graph of the line will be shown in the coordinates In sinh(a~cp)—1000/T in points that
have the same strain rate [15]. Fig. 4 shows four lines for four used strain rates. The values of
gradients k; of every line are shown in Table 2. The resulting value of the constant k for the
whole test array is given by the arithmetic mean

m=4
oL Sk 2198648 oo
m £

i=1 K

Based on Eqg. (11) and after taking into account the factor 1000/T [21], material constant Q can
be calculated

Q=1000-k-n-R =1000-4.9662-4.3679-8.314=180346 j ;|1

Table 2 Line parameters (constant k) shown on the Fig. 4

' @i (s7) ki (K) R?
1 0.5 3.8066 0.9747
2 2.5 5.4007 0.9796
3 12.5 4.9652 0.9865
4 25 5.6923 0.9902
Sum — 19.8648 —
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Fig. 4 Line plots at different strain rate determining material constant Q [15]

Calculation of material constant C. Material constant C is the last constant which appears in
Garofalo equation. Eq. (1) can be written in the form

(p’-exp[ Q j= c [Sinh(a-cp)]n

RT (12))
The left side of the Eq. (12) represents Zener —Hollomon parameter Z:
Z=¢"- exp(gj
RT (13.)
From Eqg. (12) and (13) is made next equation
InZ=In C+n«|nsinh(a-csp) (14.)

28

Cuzn3o /ﬂ/
26|-|=0.00927 MPa’

N Q=180.3 kJ mol”!
T C t(C) |
2 o I/»"'/ o650 ||
- 7
A
20— B~ [ =42890x+24.194 | ¢goo
¢ R2=0.9701 m 850
181 ! ! !
1.2 -0.8 -0.4 0.0 0.4 08

In sinh(a..op)
Fig. 5 Determination of constant C by using Zener-Hollomon parameter [15]

Because the activation energy Q has already been calculated, it is possible to calculate
Zener —Hollomon parameter from Eq. (13). In Eq. (14) we introduce transformations y=1In Z
andx = Insinh(a-cp). The expression y, =InC means natural logarithm of material constant C.
Now Eq. (14) has the form

Yy=Yot+nN-X (15)

where material constant C signifies y-intercept yo of the line. Eqg. (15) represents one line for
whole set of measured values. The graph of the line will be shown in the coordinates
In Z-In sinh(a-csp) (Fig. 5), from which it results
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INC=24.194 a C=3.216034-10"s"

For calculating the constants of Garofalo equation are used different mathematical methods,
most often nonlinear regression. The new solution consists in the use of general linear
regression.

2 Experimental Material and Methods

The Cuzn30 brass was used for high temperature plastic deformation tests [15]. This brass
belongs to the alpha brasses, which have good cold formability. It is the brass used in the
munitions industry. The test material was in the form of bars with a diameter ¢ 12 mm. The
chemical composition of this brass is given in Table 3 and corresponds to the German standard
DIN 17 660 w.n. 2.0265. Courses of stress in dependence on deformation were obtained on a
torsion plastometer SETARAM. The dimensions of the test sample are given in Fig. 6. In order
to use the Garofalo equation for the evaluation of the tests, it is necessary to follow the
elaborated test plan. The test plan is represented by array 5tx4¢” (5 temperatures x 4 strain
rates). Every element of the array signifies one measurement at defined temperature and
deformation rate.

Table 3 Chemical composition of CuZn30 brass (wt. %)

Element Cu Pb Sn As Ni Mn Al Si
Content | 70.39 | 0.0004 | 0.0042 | 0.0001 | 0.0022 | 0.0003 | 0.0012 | 0.0002
Element Fe Sh Bi Cr Cd Ag P Zn
Content | 0.023 | 0.003 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | balance

G(tl#’i) G(tmﬂé) G(tlvﬁﬂé) G(tlx@t)

U(tZr‘/’i) G(tzx(ﬂé) G(th(ﬂé) G(tzvfﬂi
Testplan= c(t3,(p1') G(tsx(ﬂé) G(tavfﬂé) U(tsx(ﬂﬁ)

0(t4|(/’i) G(tAv(ﬂé) 6(t4,¢1§) 0&47%’1

G(tsﬁ’{) G(tSv("lz) G(t5|€0§) G(tsﬂ’ﬁ)

Variables t; to ts represent temperatures 850, 800, 750, 700 and 650 °C. Variables ¢’1 to ¢4
mean strain rates of 0.5, 2.5, 12.5 and 25 s’ The matrix of tests represents 5x4=20
measurements. Measured values of peak stress resulting from courses of stress in dependence on
deformation in accordance with the test plan are shown in Table 4.

. 10™ avz’/(o,:x ; 1v6/)
o A -
) s A\ 2 §

o

»

- @4 =

1x45° 5'.;0 <]§
Q 12 10
62
150 (180)

Fig. 6 Test specimen for hot torsion tests

DOI 10.12776/ams.v23i4.1017 p-ISSN 1335-1532

e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 23, 2017, No. 4, p. 319-329 325

Table 4 Peak stress of CuZn30 brass (MPa)

0 (sh)
(¢0) 0.5 2.5 12,5 25
850 33.38 37.26 59.68 61.21
800 4253 49.68 75.05 81.65
750 48.17 55.56 93.90 101.61
700 53.74 70.69 104.61 119.58
650 69.95 99.58 133.37 148.82

3 Results and Discussion

New calculation methodology of material constant «. In Eq. (5) and Eq. (6) the constants n;
and 2 mean the gradient of line. To calculate material constant « it is not necessary to obtain
complete regression equations according to Fig. 1 a Fig. 2. It is sufficient to calculate only the
gradients of lines that represent constants ni a f. According to the theory of mathematical
statistics, we define them as follows

S S S
S-ZGi-Ingoi’—ZGi -ZInq){
_ it R

B= 2
S S
“ 3o _[zci]
i< i=1 Tmax=const (16.)
S S S
S-Zlnci-ln(pi’—zmci -Zlnq){
= i=1 i=1

s-glno?{glncijz

where s represents the number of strain rates at which the strain stress was measured (in Table 4
s=4). Numeric value of material constant « is determined by Eq. (4), using values calculated
from Eqg. (16) and Eq. (17).

New calculation methodology of material constant n, Q a C. Calculation procedure of material
constants n, Q and C is as follows, use logarithm on Eqg. (1) and adjust it

Tmin=const 17)

Insinh(a-cp):—ln—c+£.|n(p'+g.l
n n nR T (18)
Introduce next transformations in Eq. (18)
y =Insinh(e-o,,) (19.)
fi(¢')=In¢’ (20.)
1
fa(T)= T (21.)

and constants in Eq. (18) replace with substitutions
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b, = IC
n (22))

bl = l

n (23))
b2 = &

nR (24
then Eqg. (18) will take shape
y =bo+b;-fi(¢)+ b, F,(T) (25.)

Unknown constants by, b: and by in Eq. (25) will be obtain by general linear regression, because
functions f; and f, are known, defined by Eq. (20) and Eq. (21). The determinant equations have
the following form

p p p p
YIS WIS W
i=1 i=1 i=1 1=l

(26.)
P P ) P |n(0' P
bo- Y Ing{+by- > In ¢{+b2-z?:zm(p’-yi
i=1 i=1 i=1 i=1 (27)
In
by- Z—+bl ‘”' bzsz Zy'
E (28)

where p represents total number of measurements (in Table 4 p=20). Eq. (26) to Eq. (28) are a
system of three linear equations of three unknowns bo, b1 and b,. After solving the system of
equations, material constants will be calculated by Eq. (22) to Eq. (24)

C= exp[—b—oj
by 9.
S
b, (30.)
=Pz g
by (3L)

Example of calculation of material constants: n, Q and C. For calculating the particular sums in
Eq. (26) to Eq. (28) we use data from Table 4. The numerical form of these equations is as
follows

20-bg+29.838740- b, +0.019642- b, = —6.521303 (32.)
29.838740- by+90.302542- b, +0.029304-b, = 0.502198 (33)
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0.019642-by+ 0.029304- b,+0.000019- b, =—0.005942 (34)

The system of three linear equations of three unknowns we recommend to solve using the
determinants, through Cramer's rule

bo=—5.5367033

b;=0.2234698

b,=4966.2287

Material constants n, Q and C are calculated from Eq. (29) to Eq. (31):

nN=4.4749
C=5.7558.10% 5
Q=184764 J.mol*

Values of peak stress will be determine from the Garofalo equation (1) that should be adjust for
direct calculation of stress

1/n
1 ¢’ Q
= Zargsinh{| = -exp| ——
=59 {c p[RTﬂ

(35.)

Based on the specified material constants n, C, Q, and ¢, the values of stress oy are calculated by
Eqg. (35). The rate of correlation between the measured and calculated values of peak stress gives
the correlation coefficient (R=0,97998). The comparison of the calculated material constants of
the Garofalo equation, according to the old and new methodology is given in Table 5. The use
of results obtained by plastometer in metal forming processes is documented by several
publications [22, 23]. A special application in the rolling process is given in the publication [24].

4 Conclusions
The results of determination of material constants «, n, Q and C obtained by new methodology
are in good agreement with the old methodology. The main benefit of the new method of
calculating the material constants for the Garofalo equation lies in its simplicity and the speed of
the calculation. Material constants are calculated directly as their final values
e The new methodology for calculating the constants of the Garofalo equation does not
require an initial estimate of constants as nonlinear regression
e The calculation of material constants does not require complicated software as for
nonlinear regression
o The new methodology does not require to calculate line equations, see on Fig. 3 to Fig.
5
e The new methodology allows the calculation of constants in a fully automatic mode
e The Garofalo equation was linearized using logarithm what allows to calculate its
constants through general linear regression
e The new methodology is suitable for the evaluation of the measured data by the torsion
plastometer SETARAM and also by the compression plastometer DIL805A/D.
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