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Abstract

Gleeble 3800 thermal-mechanical physical simulator is in-
troduced in this study. Thermal fatigue tests can be carried out
in Gleeble simulator in highly controlled conditions. Applying
the same tested material, specimen geometry and temperature
range, the load of the specimen can alter more than one order
of magnitude depending on the control parameters. Some inves-
tigations have been done to demonstrate the effect of the bound-
ary conditions (simulation combinations) on the load and strain
of the tested specimen.
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1 Introduction

Damage processes of heat-resistant steels in operative condi-
tions used to be modelled in laboratory tests [1}2]]. In most cases
the laboratory tests are carried out such a way, that the specimen
is subjected to hetating-cooling cycles, while its thermal expan-
sion is constrained. The load of power plant pipelines during the
shut down and start up cycle is modelled this way when the ther-
mal expansion is constrained. Several thermal-fatigue tests have
been carried out on the Department of Materials Science and En-
gineering at Budapest University of Technology and Economics,
where the microstructure of the damaged specimens has been
investigated by destructive and non-destructive methods [1-4].
Actually, during the “classic” thermal-fatigue test, nothing is
known about the real load of the specimen and what is more, the
temperature distribution is non-uniform. This thermal-fatigue
test is applied for modelling the change of microstructure dur-
ing the damage process. As the test machine design influences
the test conditions and the specimen load, only in the same type
machine impaired specimens are comparable with each other.
In the following a recent thermal-mechanical simulator will be
introduced, which is capable for controlling and measuring all
required test parameters during the simulations.

2 Applied equipment

Modern devices in the measuring techniques provide new
opportunities in the thermal-fatigue tests.  Gleeble 3800
thermal-mechanical physical simulator of Gleeble Laboratory of
Dunadjvaros is a potential prospect for implementing thermal-
fatigue simulation under controlled conditions [9].

Gleeble 3800 thermal-mechanical physical simulator (Fig. [I)
is an extraordinary equipment, which is capable of physical sim-
ulation of heat and mechanical load induced changes in metals.
The direct resistance heating system of the Gleeble 3800 can
heat specimens at rates of up to 10,000°C/second. High ther-
mal conductivity grips hold the specimen, making the Gleeble
3800 capable of high cooling rates. An optional quench system
can achieve cooling rates in excess of 10,000°C/second at the
specimen surface.

Thermocouples or an optional infrared pyrometer provide sig-
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nals for accurate feedback control of specimen temperatures.
Because of the unique high speed heating method, Gleeble sys-
tems typically can run thermal tests 3 to 10 times faster than
conventional furnace equipped machines [6].

Fig. 1. Gleeble 3800 equipment

The Gleeble 3800 mechanical system is a fully integrated hy-
draulic servo system capable of exerting as much as 20 tons of
static force in compression or 10 tons in tension. Displacement
rates as fast as 2000 mm/second can be achieved. Load cells
and non-contact laser extensometry provide feedback to insure
accurate execution and repeatability of the mechanical test pro-
gram

The right head of the specimen is fixed by a cooled grip. The
left head of the specimen is connected to the hydraulic cylinder
which generates the controlled load. Work chamber is seen in
Fig. 2l The heart of the Gleeble 3800 is the Series 3 Digital
Control System. It provides all the signals necessary to control
thermal and mechanical test variables simultaneously through
the digital closed-loop thermal and mechanical servo systems.
The Gleeble 3800 can be operated totally by computer, totally
by manual control. The embedded processor executes test and
simulation programs and collects data [6].

Fig. 2. Work chamber of Gleeble 3800 [7]

Tab. 1. Parameter combinations

Name of the Control Measuring Hydraulic
parameter sign device pressure
combination

SHO Stroke HZT 100 bar
SH1 Stroke HZT 300 bar
SLO Stroke L-Gauge 100 bar
SL1 Stroke L-Gauge 300 bar
HHO HZT HZT 100 bar
HH1 HZT HZT 300 bar
LLO L-Gauge L-Gauge 100 bar
LL1 L-Gauge L-Gauge 300 bar

3 Thermo-mechanical pre-simulation

When we want to make similar to the previous “traditional”
tests [3}/4], there are many options in Gleeble machine to set the
test parameters and the boundary conditions of the test control.
This is very important, because beside the temperature cycles it
defines the mechanical stress of the specimen during the simu-
lation.

The “stiffness” of the specimen clamping depends on the con-
trol sign of the simulation program, measuring art of the dis-
placement and the hydraulic pressure. The aim of the pre-
simulation is to determinate the simulation parameters which
similar to the conditions of the “traditional” thermal-fatigue ma-
chine applied before [3}/4]. The temperature range was 100°C-
550°C, the heating rate was 25°C/sec and the cooling was ex-
ecuted through the heat removal of the cooled grips. Tested
material was an unalloyed carbon-steel, with 10 mm nominal
diameter.

List of keys are applied in the following simulation:

o Stroke displacement of the hydraulic cylinder [mm]

e L-gauge displacement of the internal distance of the grips
[mm]

e HZTO71 displacement of the initially 10mm gauge on the
middle section of the specimen [mm)]

o Force axial load of the specimen (positive at tension) [N]

e Temperature surface temperature of the middle cross-section
of the specimen [°C]

The control sign means during the Gleeble simulations that,
the control of hydraulic system constraining the sample is driven
by the given displacement sign. Measuring device means which
device is set to measure the axial displacement of the measured
cross section of the specimen. Hydraulic pressure is 100 bar
in most applications. It can be increased up to 300 bar, which
results “stiffer” hold, but it overloads the hydraulic system of the
simulation equipment.

Fig. [T] shows the load and the displacements of the specimen
tested in HHO combination. HH combination means the most in-
tensive displacement compensation, because the hydraulic sys-
tem compensate the thermal expansion so intensive that the
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10 mm spaced gauge at the middle section of the specimen do
not change during the simulation. Since this the HH combina-
tion is the “stiffest” clamping. The maximal loads of the spec-
imen at HHO combination is +30 kN and —40 kN. It should be
higher, but the hydraulic system was not able to compensate the
thermal expansions. This statement is supported by the fact that
force-plateaus seen at temperature peaks. (Fig.[3) The displace-
ment parameters are apparently not synchronous with the tem-
perature while Gleeble simulator keeps HZT071 at a minimal
level. But this chaotic diagram is only a control technique reso-
nance, which can be eliminated a small parameter modification.
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Fig. 3. Results of HHO combination versus time.

The modification of HHO combination was to increase the hy-
draulic pressure to 300 bar, in order to eliminate the saturation
(Fig.[3). As it can be seen in Fig. [4] the increased 300 bar hy-
draulic pressure was enough to compensate the force derived
from the thermal expansion. As result of this parameter mod-
ification temperature activated periodic process control could
evolved (Fig.[4).

follow a little bit delayed to the thermal-cycling which phenom-
ena caused by the thermal sluggish, that is why 3 sec thermal
hold is required at 550°C temperature. It can be noticed that
the force became almost symmetric after 10 heating-cooling cy-
cles, but at first it was totally asymmetric. Fig. [5] shows the
same measurement data as Fig. 4 (HH1 combination), but the
displacement data are enlarged to be analyzed. It is very impor-
tant to notice, that HZT071 values changing in approx., 0,04 mm
range. Actually it means that the control system can hold con-
stant in 0,04 mm range (0,04 mm inaccuracy) the initially 10 mm
gauge length of the specimen.
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Fig. 5. Results of HH1 combination versus time with enlarged displacement
data.
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Fig. 4. Results of HH1 combination versus time.
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Fig. 6. Results of LL1 combination versus time.

When the L-gauge was the control sign (LLO and LL1 com-
binations) - that the hydraulic cylinder holds the distance of the
grips constant — the following results were measured during the
thermal-fatigue simulation (Fig.[6). As the control is driven the
25 mm specimen length, the axial thermal gradient of the spec-
imen is not negligible. The nominal test temperature is valid
only at the middle cross section of the specimen. Toward the

In Fig. [4] the force and deformation data are in synchronized grips, the specimen temperature is even lower, that means the

periods with the thermal cycling. All force and deformation data

thermal expansion of the specimen is lower, than it would be at
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uniform temperature distribution. This phenomenon is known at
“traditional” thermal fatigue machines also [1]]. Considering the
above detailed facts, it was clear that the force (~ 18 kN) lower
than at HH combinations. So apparently the “stiffness” of the
specimen clamping is lower also. Hydraulic cylinder displace-
ment (Stroke) was ~ 0,3 mm, which is approx. one magnitude
order lower than at HH combinations. As the simulation results
of combinations LLO and LL1 did not show any important dif-
ference, only the LL1 is shown in this paper.

In the following the combinations will be demonstrated where
the control sign the stroke was. Actually it means that the hy-
draulic cylinder was fixed during the thermal-fatigue simula-
tions. Instead of presenting the diagrams, only the conclusions
will be summarized. Results of combinations SHO and SH1 did
not show any remarkable difference. The maximal load force
was ~ 5 kN, and it was steadily negative (compressive force)
during the whole fatigue test.

At SLO and SL1 combinations showed practically no differ-
ence. The maximal load force was ~ 3,5 + 4 kN, and it was
steadily negative also. If the force does not change signum,
(steadily negative) it means unequivocally that there was no
plastic deformation in the specimen.
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Fig. 7. Free deformations versus time.

Fig.[7] shows the free thermal expansion of the specimen, so
there is not fix constraint. The force must be theoretically zero,
but the movement of the mechanical element requires some
force. This diagram demonstrates the measure of stroke and L-
gauge while the thermal expansion was not constrained.

Considering the above detailed measuring results and conclu-
sions, thermal-fatigue simulation of 15Mo3 specimen follows.

4 Thermal fatigue simulation of 15Mo3 heat-resistant

steel

In previous research some thermal-fatigue tests were carried
out [3], [4]. Aim of this work is to make similar tests on Gleeble
3800 simulator and compare the results with each other. The
number of test heating-cooling cycles was 300.

Using the pre-simulation parameter combination titles, this
simulation has been carried out in LL1 combination. So the sign
of L-gauge sensor was the control sign and measuring device
too, and the grip distance was controlled as constant. Hydraulic
pressure was 300 bar.

This combination had been selected because this control
seemed quite similar to traditional thermal-fatigue machine
which was applied before [3}/4].

Initial temperature was 30°C, while the specimen was un-
loaded. Simultaneously switching on the heating cycle the “stiff
hold” was activated and the thermal fatigue simulation started.
Temperature range: 100°C-550°C-100°C. Heating rate was
25°C/sec, the holding time at 550°C was 3 sec, and the cooling
was taken by the thermal conductivity grips. During the sim-
ulation all measured parameters (force, temperature, L-gauge,
stroke) were saved every 0,5sec and they are demonstrated in the
following figures. As the total thermal-fatigue time (300 cycles)
would be very crowded in one diagram, only the cycles 0 = 10
were presented. This shorter period represents the whole tested
range quite well, and it is suitable for studying the behaviour of
15Mo3 material (Fig.[8). The measuring data show that the max-
imal force of the specimen was ~ 6.7 kN. The maximal force
was developed at maximal temperature in each cycle. The calcu-
lated axial compression stress was 130 MPa, which was equal to
the yield-stress of the specimen at the actual temperature. In the
first cycle the axial compression stress reached the yield stress,
and a small plastic deformation occurred in the specimen. Dur-
ing the holding time on 550°C the force dropped about 200N
which confirmed the plastic deformation also (Fig.[8). This fact
is proved by the calculated stress compared to the yield stress
of 15Mo3 material (Fig.[TT). The yield stress data are from the
material specification [8].
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Fig. 8. Thermal-fatigue simulation results of 15Mo3 material versus time
(0 — 10 cycles).

After the first heating-cooling cycle, the loading force signum
changed from negative into positive and it is changing in each
cycle. But from the second cycle was no plastic deformation
in the sample, it suffered only elastic deformation. There was
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no more force drop in the holding time in the following cycles

(Fig. [Z0).
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Fig. 9. Thermal-fatigue simulation results of 15Mo3 material versus tem-
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Fig. 10. Second cycle of the 15Mo3 thermal-fatigue simulation.
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Fig. 11. Compression stress in the specimen during the stress versus tem-
perature.

As it seen in the measured results, after the first thermal cy-
cle, there was no more plastic deformation in the sample in the
applied thermal range (100+550°C). So there was no thermal fa-

tigue anymore. That is why it is no use doing more simulations
with different cycle time.

5 Summary

Aim of this work was to introduce Gleeble 3800 simulator
and investigate its suitability for doing thermal-fatigue simula-
tions. Itis clear, that there are many opportunity and many varia-
tions of test parameters. In pre-simulation it was compared how
the stress and strain of the specimen changing at different com-
binations (control sign, measuring device, hydraulic pressure).
Evaluating the results, the following can be stated:

Gleeble 3800 simulator has a really excellent controlled dig-
ital closed-loop thermal and mechanical servo systems. During
the simulations the control signs were defined as different dis-
placement data, which was hold in a range ~ 0,02 + 0,04 mm
even at 40 kN load force. These small deviations mean very
good accuracy in absolute value. But it is important to notice,
that this small “inaccuracy” amounts a remarkable portion of the
thermal expansion of the gauge length. Fig.[7|shows the free de-
formation values of the specimen, when the thermal expansion
is not constrained. For example max value of HZT071 is about
0,08 mm, but more than 40% of this thermal expansion is “ab-
sorbed” by the control. (see Fig.[5} HH1 combination) So the
“theoretically stiff” locking of the specimen is not possible de-
spite of the high-accurate control. Increasing the gauge length of
the specimen would improve this phenomenon, but the thermal
in-homogeneity would strongly influence the measuring results.

Based on the material specification of 15Mo3 [8], heating
the ideally stiff fixed bar from room temperature, it reaches the
yield stress at ~ 140°C. Above this temperature, the deforma-
tion is fully plastic. Despite of this calculation, during the sim-
ulation with LL1 combination this steel reaches the yield stress
at 550°C.

Increasing the hydraulic pressure up to 300 bar is reasonable
in case of HH combination. Applying any other combinations, it
is no use overloaded the hydraulic system, because it is causeless
from the aspect of simulation results. Apart from the HH com-
bination, 100bar hydraulic pressure is proper for this thermal-
fatigue simulation.

It is one of the most important key in theses simulations is to
pick out the proper combination, because it determines the “stiff-
ness” of the specimen clamping. Applying the same specimen
geometry and thermal cycle range, the loading force can alter
more than one order of magnitude (3 kN-+40 kN) depending on
the combination. And of course depending on the combination
of the simulation the specimen can suffer elastic or plastic de-
formation. From the aspect of thermal-fatigue, the pure elastic
deformation is irrelevant, because it does not cause the damage
of the specimen.

At combination HH1, the specimen suffers a amplitude stim-
ulated low-cycle fatigue, which zero point approaches the value
0 N. (see Fig.[4)

Doing thermal-fatigue simulation on material 15Mo03 at com-
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bination LL, the specimen sufters only elastic deformation (ex-
cept for the first heating cycle).

When the hydraulic cylinder “stroke” is set as control sign,
the stress of the specimen is far under the yield-stress. This is
caused by the physical fact, that the thermal distribution in the
specimen is inhomogeneous, and the cooler regions can absorb
the higher thermal expansion of the warmer regions.
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