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Abstract

A method of determining the plastic properties of the material under the conditions of microforming at elevated
temperatures was presented. This involves performing the process of upsetting a cylindrical micro sample
between flat tools of different temperatures. As a result of the heat flow in the volume of the sample the non-
uniform temperature distribution is observed. It causes uneven distribution of deformations and a shape similar
to the truncated cone is obtained. Based on the measurement of the sample side contour, FEM simulation of
the process and the known temperature at several points of tooling it is possible to determine the dependence
of the plastic resistance on the temperature within the given range. Dependence is derived from one
experiment. This method is recommended for studies where the number of samples for analysis is limited. The
method allows to quickly determine the temperature characteristics of a material. A sample analysis of selected
bulk metallic glass was presented.
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1. INTRODUCTION

Along with the progressive miniaturization of electro-mechanical systems and opto-electro-mechanical
systems, the need for precision-made metal elements with dimensions of less than 1 mm has been increasing
for a longer time. Such elements can be successfully produced with the technology of metal forming [1], within
which a new branch was created: microforming [2]. It was created when it was noticed that reducing the
dimensions of deformed elements to approx. 1 mm, causes the incompatibility of previously used rules [3]
(calculation of forming forces, friction forces, etc.) with reality [4]. Thus, the limit value was 1 mm, in relation to
at least two dimensions of the object. The cause of observed discrepancies [5] was called the "size or scale
effect” and the intensive (ongoing to date) work on explaining various aspects [6] of this phenomenon was
started. The small dimensions of the components resulted in the construction of micro-tools [7] and tool
systems [8] dedicated to microforming. Also some processes found a new solutions [9] possible to be carried
out only in micro-scale [10]. The contact phenomena have also gained new aspects [11] dedicated to micro-
parts and micro-tools [12]. The rapidly growing market of micro-mechanisms has also caused a rapidly growing
number of new metallic materials [13] or compound billets [14] being developed with different composition,
form [15] and structure [16]. To determine their plastic properties, the upsetting test for a whole range of
conditions and requiring a large number of samples is relatively often used.

There appeared a need for quick methods of determining plastic features in the conditions of microforming,
giving as much information as possible within a small number of experiments. The method presented below
meets the above conditions.

2. THE CONCEPT OF THE MICRO-UPSETTING IN UNEVEN TEMPERATURE DISTRIBUTION
METHOD

The method named ,MUNUT* consists in upsetting a cylindrical sample between flat anvils with different
temperatures. The lower anvil has a temperature higher than the upper. This results in a "layered" temperature
distribution. In relation to the dependence of the yield stress on temperature, each layer will have a different
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yield point. After application of force - the same for each of the layers - the layers will deform plastically but to
a different degree. Each of the layers is a circle with a different radius. As a consequence, a sample assumes
the shape of a rotary body, see Figure 1. With the known temperature distribution, the method assumes the
possibility of obtaining the dependence of the plasticizing stress on the temperature in the applied temperature
interval.
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Figure 1 FEM modelling - von Mises stress: example of shapes obtained at different temperatures for the
same material, same sample dimensions and same strain in the axial direction
2.1. Determining the distribution of stresses and strains

In each layer there is a complex state of stress and strain, but axially symmetrical. The method involves two
experiments: one real "R" and one numeric "M". After applying the interpretation of the theory of mechanical
similarity, we conclude on the basis of the results of the experiment with the object "M" on the physical
quantities related to the object "R" - the material used in the "real" experiment.

Assuming cylindrical coordinates where h - distance from the base (mm), r - distance from the axis (mm),
@ - angle (rad). Tension von Mises at the point in the object "R" is as follow.

opr(h,7, @) (1)
where: h € (0, hypr) , r€(0, mrmax(h) and ¢ € (0, 2).

In the case of axial symmetry, the average equivalent stress o, r(h) and the average axial stress o g(h) in
the layer with the position h are (2) and (3), where ryr(h) is the outer radius of the layer with the location h.

_ h),2
Tunr(h) = oz o™ our(h,r, p)drdg (2)

_ h),2
Gir(M) = mozg oo™ o1r(h,r, @)drde 3)

The stress proportionality coefficient o  (h) and Gy r(h) in point (4) and its mean value in the layer defined
as the quotient of the mean values of the functions in the layer (5) are introduced.

_ our(hre)
SR(h, r, (p) - Ul_R(h,r,(p) @
rpr(M).2T
g _our(re) _ w2 (h) Sloo oy,r(hr,@)drde
SR (h) - o r(hT (p) ﬂrbR(h) 2w (5)
o 1r(LT@)drde

e (h)
The analogous explanation applies to equivalent strains &4r and strain component ¢r and the introduction of
the proportionality coefficient wg (h, 1, ) and its average value wg (h, 1, @) in the position h, (6).

rpr(M.2T
oo™

€ h,r,p)drd
2 ) g r(Ar,@)drde

wr(h) = 6
R 2 rMW ffTbR(h)z e r(AT,@)drde (6)
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The functions g (h) and wg (h) allow to determine the average value of the equivalent stress Gy g (h) and the
average value of the equivalent strain &, g (h) in the layer with the position h, according to (7) and (8):

oy r(h) = 5g(h) - a1r (M) (7)
Eur(h) = wr(h) * & r(h) (8)

Similarly, in the case of simulation results, in which the object "M" is created, (9), (10).

1 rpm().21
g M(h)'ﬂo,g'M ogm(hr,@)drde
Su(h) = " i )
L b s (hrg)drde

g )

1 7y r(h),2m
ry R(h)'ffo,g'R egr(hre)drde
WR (h) = '1 . T (1 0)
'ﬂo,g‘R gy r(hr,@)drde

Ty p (W)

Then it is also possible to determine the average equivalent stresses and average equivalent strains based on
the average axial components (11) and (12)

oygm(h) =Sm(h) - oy m(D) (11)
Eum(h) = wy(h) - & m(h) (12)
where: h € (0,hy, ) and 1 € (0, /b, Mmax(/2) and @ € (0, 2m)

Comment on the theory of similarity: The term "similar" refers to the theory of similarity formulated by
Buckingham and that the inference based on the study of the model of reality can be referenced to it only when

the "similarity conditions" are met by the numbers of similarities defining the relations between the physical
quantities of the model and reality

ARGUMENT: If the processes "R" and "M" are similar to the above worded similarity, then:

(a) the stress tensor ratios are the same,
(b) ratios of constituent strain tensors are the same,
(c) the proportionality of stress tensors may be different than strain tensors.

Comment on the thesis: In this analysed case, it was assumed that the similarity numbers are (13) and (14),
which means that the outlines of both objects are consistent.

hpr = hpm (13)
ror(h) = rom(h) (14)

Consequently, the functions s(h) (5), (9) and w(h) (6), (10) in the case of reality and model are identical from
which results (15) and (16).

our(h) =5m(h) - a1r(M) (15)
Eur(h) = wy(h) - & r(h) (16)

This means that while meeting the similarity conditions, determining the functions 5 (h) and wy(h) and on
the basis of experiment, functions ; g(h) and & gr(h) are determined based on simulation results you can
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designate (15) and (16) functions oy g (h) and &y g (h). The determination of the a fore mentioned functions
boils down to an approximation of a set of values obtained on the basis of the mean values in the layer i in the
"R" process (17), (18) and local values on circles k in the layer j in the "M" processes. The average values of
stresses and strains in the "R" process and deformations are in accordance with (17), (18) and They are
determined on the basis of measured force and profile measurements, see Figure 2.

Fr FrR

oy,r(h;) = vl (17)

e
b,R,i
(18)

Eir(h) =2 |ln@
b,R,0

where: Fr - the force of the process in the final phase of it (N), ror.- initial radius (mm), rpr; - the extreme
radius (mm) in the layer j, i={0,1, ..., n} and (j, k) =({0,1,2, ..., m, },{0,1,2, ..., u}).

Figure 2 MUNUT method: a) principle, b) side view of specimen with outline “1”, ¢) FEM result of deformed
specimen with outline “7”and temperature distribution, d) specimen before deformation, €) specimen after
deformation

The functions Sy (h), wy(h) and Sy j(h;) are determined on the basis of the approximation of the values
determined in the "M" model in the examined points (19):

(Tj,k+1+rj.k)

1 «u 9HM,jk+1tOHM,jk
- _m?uzk:o > 2 2 (Tjk+1=Tjk)
Sm,j(hy) = . . — (19)
1 «m %1M,jk+1t%1M,jk (rj.k+1+r1rk)
—2 2m Tjk+1=Tjk)
r2 k=0 2 2 Jk+17jk

ju

The force of the process is constant (20):

_ _ 01,M,jk+1101,Mjk (Tj,k+1+?”j.k)
NjFj=Fy = ZE=0—2 2 (T ke — Tik) (20)
_ _ 1 2 2
Suj(h) = 5= Bh=o(Oum i1 + Oumjid - (Giesr — 75 (21)
12 2}:=OSE,M,j,k+;+EE,M,j,k o (Tj,k+;+rj,k) T aes1=T100)
Wy i(h;) = Tiu = yu €HM,jk+1TEEM,jk (22)
M,j\ 1 €1 M. j +e i (r- +r; ) k=0 € i +€ i
u M,jk+171,M,j k 2 Jk+1T"jk . o 1L.M,j,k+1T<1,M,jk
”T§u2k=o 2 T 2 (Tje+1=Tjk)
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2.2. Determination of temperature distribution

In view of the miniature size of the sample, the temperature distribution is determined indirectly. Temperature
distribution is determined based on FEM modelling of the process, assuming (23). Information on boundary
conditions and verification of modelling results is provided by the temperature measurement devices. It is
understood that by combining (15) and (23), the dependence ax(T) (MPa) can be determined, which is the goal.

Tu(h) = Tr(h) @3)

3. FEM MODELING

An important element of the method is the FEM modelling leading to determine the temperature distribution in
the volume of a deformed micro-sample. This distribution has a key impact on the final results of the study.
It is determined on the basis of records of the course of temperatures collected from the surface of the matrix
by a pyrometer, the interior of the fitting by a thermocouple and the surface of the stamp holder also by a
thermocouple. The cooling water temperature is also taken into account. Modelling is carried out using the MS
Marc-Mentat 2015 package in the "thermal / structural" analysis in a static model with a deformed material
model taking into account the dependence of the yield stress on the deformation and temperature. The results
for the analysed case are shown in Figure 3.

Figure 3 Examples of temperature distributions obtained in FEM modelling: a) initial and boundary
conditions of induction heating, b) medium phase of deformation, c¢) sample in the final state of deformation

4. EXPERIMENT RESULTS

The MUNUT process was applied to the cylindrical sample made of Bulk Metallic Glass based on copper,
zirconium, titanium and silver. The sample diameter is 1.2 mm and the heightis 1 mm - see Figure 2d. Sample
was upsetted to the height of h; = 0.68 mm - see Figure 2e.
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Figure 4 Test results: a) distribution of yield stress as a function of temperature, b) distributions of
proportionality function, c) distribution of equivalent strain in a sample
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The sample was deformed at the ram rate of 0.1 mm / min, which means in the applied upset range the strain
rate 1.6 - 2.2 e-3 s*'. As a result of the applied method, the distribution of yield stress was obtained from the
temperature in the test range, i.e. from 300 to 511 °C. This distribution is shown in Figure 4a. This figure also
shows the distributions of the stress and strain proportionality functions, Figure 4b and the distribution of the
equivalent strain, Figure 4c.

5. DISCUSSION AND CONCLUSIONS

The vyield stress of investigated BMG is clearly falling near the temperature of 430 °C, point 1 in Figure 4a.
This drop decreases its intensity in the range of 450 - 470 °C, between points 2 and 3. Above 470 °C, point 3,
it stabilizes. From the course it follows that the temperature of transition into a supercooled liquid state is in
the range of 450 - 470 °C. More precisely, it can be determined by concentrating the number of points analyzed
in an interesting range. The obtained result is consistent with the one awaited, because according to the
literature of this type, metallic glasses have the temperature of transition just in this range. The proposed
MUNUT method allows the determination of temperature-dependent plastic properties of the material under
plastic microforming conditions on the basis of a single experiment. The following conclusions might be stated:

° The accuracy of the MUNUT method depends on the accuracy of determining the temperature
distribution in the upset sample, and on the number of cross-sections considered.

° The obtained results may be influenced by friction occurring on the sample and tool contact surfaces,
hence it is recommended to upset at the lowest possible friction.

° A method has been piloted and successfully used to determine the liquid transition temperature range
of bulc metallic glass in the microforming conditions.

° The obtained glass transition temperature range of the tested material is in accordance with literature
data.

Further development of the method provides for CCD camera recording of the lateral view of the upset micro-
sample and analysis of a number of deformation states.
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