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EFFECT OF ELEVATED TEMPERATURES ON MECHANICAL
PROPERTIES OF ULTRA HIGH STRENGTH HOT WORK TOOL
STEEL H11

Summary

This paper presents an experimental and numerical study into the influence of elevated
temperatures on mechanical properties of the heat treated high quality hot work tool steel
HI11. This steel belongs to a group of alloyed steels with extraordinary mechanical properties.
The aim of this study was to determine the highest temperature at which these properties are
still maintained. The experimental investigation focused on the tensile testing of specimens at
seven different temperatures, including the room temperature. The highest testing temperature
was 700 °C. The heat treatment of plates (specimens) consisted of quenching and tempering.
Although the strain hardening of this type of materials is small, the strain hardening curves
were calculated to show if there was a possibility for the material to increase its strength due
to exploitation loads. Also, a numerical analysis of the tensile test by using the finite element
method was done in order to define an appropriate model for numerical testing. The obtained
results are then compared with the experimental results.
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1. Introduction

With constant advancements in mechanical engineering, there is a growing demand for
high strength tool steels which could be able to endure a high level of stresses and still be
reliable in exploitation. The high quality steel H11 (designation by AISI, by EN-X37CrMoV5-1
and by DIN-X38CrMoV5-1), analyzed in previous investigations by this group of authors [1-4],
is used for manufacturing tools, mostly for hot forging and extrusion. During the exploitation,
such tools endure extreme pressures which leads to high wear and thermal fatigue. Besides that,
the tool material has to deal with high temperature shocks with each stroke of the tool. The
forging process is mostly done at high temperatures, thus in order to reduce the influence of
high temperaures of the forged piece material, the tool material is preheated to temperatures

TRANSACTIONS OF FAMENA XLIV-2 (2020) 71



D.VArsic', V. Lazi¢, A. Sedmak, S. Aleksandrovié, Effect of Elevated Temperatures on Mechanical
J. Zivkovi¢, M. Djordjevi¢, G. Mladenovié Properties of Ultra High Strength
Hot Work Tool Steel H11

between 250 °C and 300 °C. In that way, the gradient of temperatures between the workpiece
material and the tool material is lower. However, the pressures to which the tool material is
exposed are still very high, which results in the trend to select the highest quality material
possible for the manufacture of such tools. Such materials must possess high consistency at
elevated temperatures, primarily of tensile properties and resistance to crack initiation [5-10].
This was the reason that led to setting the objective of this study, which is the influence of
temperature increase on mechanical properties of the considered steel as well as the ultimate
temperature to which the steel could be heated without jeopardizing the tool integrity during
forging. The tool life is also an element that affects the quality of forgings as too high and
intensive wear/damage of dies and stamps causes a change in the geometry of a manufactured
product as well as surface faults (cracks, defects) that are present on a forged product. Similar
problems were dealt with by authors [11-13], who were looking for possibilities of applying
various methods with the purpose of increasing the life of forging tools. They discovered that
compressive stresses greater than 1,000 MPa as well as temperatures of about 800 °C appear on
the tool surface, and they presented methods for solving many problems related to the short tool
life. Paper [14] presents an analysis of the effect of loading cycles on the behaviour of the AISI
H11 tool steel, commonly used for aluminum extrusion dies working at high temperatures and
under high stresses. The tests were performed on a Gleeble thermomechanical simulator by
heating the specimen using Joule's effect and by applying loading for up to 6.30 h or until the
specimen failed. Displacements during the tests at 380, 490, 540 and 580 °C and under the
average stresses of 400, 600 and 800 MPa were determined. The results showed that the test
could physically simulate the cyclic loading on a hollow die during extrusion and that the creep
condition represented the most severe working condition. In addition, the tests could reveal the
interaction between creep and fatigue mechanisms. Authors of the paper [15] also analysed the
thermal fatigue of tools made of this steel in the temperature range from 100 °C to 650 °C. They
recorded stress amplitudes, plastic strain amplitudes and mean stresses in terms of the number
of loading cycles. On the other hand, it is interesting to become familiar with the behaviour of
this steel during crack initiation and propagation, which is also the research subject [5, 6].

The objective of this study is to show the influence of elevated temperatures on tensile
characteristics of the H11 steel and to determine the maximum temperature at which the steel
still possesses acceptable properties. Tests were conducted on cylindrical samples on a tensile
testing machine which was equipped with a special heating chamber.

2. Properties of the tested material, heat treatment of plates and preparation of
samples

For the preparation of the specimens the H11 steel was used in the form of a 15 mm
thick plate. The chemical composition and mechanical properties are given in Tables 1 and 2.

Table 1 Chemical composition of steel H11

Designation by Chemical composition, %
AlSI C Si Mn P S Cr Mo
H11 0.37 1.0 0.4 max 0.03 | max 0.02 5.2 1.3 0.4
Table 2 Mechanical properties of steel H11 at room temperature
Designation Soft annealing Tempering
by AISI £,°C | HVpya | Rn MPa E,MPa t,°C HRC R,, MPa E,MPa
H11 800-830 | 250 850 ~216000 |550-660 | 30-50 | 1400-1700 | =219000

During hot forging or die casting, a number of damage mechanisms act simultaneously
to cause cumulative damage to the tool and growing deviations from the original tool
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geometry due to wear, micro-chipping, thermal-cracking or breakage. So, it is crucial to
determine the optimal heat treatment regime [16, 17]. The prepared plate was heat treated
according to the proposed regime. The heat treatment technology assumed quenching and
tempering at specific temperatures in order to obtain certain mechanical properties and
structure, i.e. the same as properties of forging tools in the production process. The heat
treatment regime was as follows (Figure 1a):
— heating up to 1,040 °C, holding on that temperature for 1 hour and then quenching
in oil cooled to room temperature. The obtained hardness was approximately
55 HRC.
— double tempering; first at 560 °C, holding for 2 hours and then taking the samples
out of the furnace and cool in the air; after the first phase with single-tempered
samples is completed, repeating the first tempering cycle.

The SEM micrograph of the tested steel is shown in Figure 1b. The SEM specimen was
made from the same plate that was used for the preparation of the tensile specimens. It can be
noticed that the whole specimen consists of tempered lath martensite. Tempered martensite is
the expected microstructure for this class of steels since that structure has a high resistance to
initiation and propagation of cracks and at the same time it exhibits high hardness. Also, no
inclusions or defects which could affect the test results were detected in the structure. Defects
usually have phosphorus or sulfur origin or there can be carbide particles, which, when
grouped or having become larger, can have a significant impact on tensile properties of steel.
This is especially the case when defects are larger than 0.1 mm [18].
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Fig. 1 Heat tretment cycle (a) and specimen microstructure (b)
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After the heat treatment, the hardness measurement showed that hardness was about
45-48 HRC, which values were expected. In fact, hardness levels under 45 HRC are rarely
used. According to some steel producers [19], for that level of hardness the expected tensile
strength at room temperature is R, 1800 MPa. The samples were prepared by applying
turning with a diamond cutting tool and grinding. During the preparation of the samples many
problems occur due to the high hardness of the base metal. Although there were even cutting
area temperatures reaching up to 600 °C during the processing, hardness did not decrease and
the steel maintained high strength [20]. Two specimens and another one as a spare specimen
were prepared for each temperature. In the case when the obtained results were approximate,
their mean value was shown. On the other hand, when some result deviated from what was
expected, the spare specimen was tested to check the experiment. It should be pointed out that

tempering temperature has a great influence on fracture surface morphology after tensile
testing [21].
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The specimens were cylindrical and were prepared according to appropriate standards
[22]. A drawing of the specimen and one prepared real specimen are shown in Figure 2. The
experimental determination of mechanical properties at elevated temperatures was performed
on a universal testing machine Zwick Roell Z100 equipped with a special furnace for
specimen heating (Figure 3). Two test specimens were prepared for each testing temperature.
The tests were conducted at 20 °C, 300 °C, 400 °C, 500 °C, 600 °C, 650 °C, and at 700 °C.

1/45° @/ Né’/

/45°
| I— — e o 4

a) b)

Fig. 3 Testing machine (a) and unit for control of testing temperature (b)

For heating the samples before and during the testing, a MAYTEC heating chamber and
a control unit were used. Heating was done by electric spiral heaters positioned on the internal
circumference of the chamber. Heaters are positioned along the whole length of the chamber.
The temperature was measured by thermocouples positioned in three locations in the chamber
— at the bottom, in the middle and on the top of the chamber. The specimens were heated for
30 minutes each to achieve the required temperature across the whole specimen.

3. Experimental results

The obtained experimental results are shown in Table 3 and in Figure 4.

Table 3 Experimental results obtained by tensile testing

Steel | Sample Testing Yield Tensile Elongation at | Elongation at
(AIST) Nop temperature, stress, strength, |maximum force, fracture,
' °C Ry MPa | R,, MPa Ay, % A, %
1 20 1574 1806 1.62 1.85
2 300 1370 1550 1.22 1.22
3 400 1300 1497 1.52 1.57
= 4 500 1155 1344 1.33 1.42
5 600 909 1081 1.61 2.7
6 650 614 756 1.51 4.1
7 700 312 396 2.20 20.2
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Fig. 4 Stress-strain diagram (a) and histograms of obtained properties at elevated temperatures (b)

The testing of the H11 tool steel showed that a significant decrease in tensile strength
occurs at the temperatures higher than 650 °C (Figure 4). In fact, the results show a quick
reduction in the ultimate tensile strength as soon as 600 °C is exceeded, but the full collapse
occurs at 650 °C and above. A similar tendency was discovered in the previous study on the
influence of high temperatures on tensile strength of the structural steel S690QL [23], where it
was concluded that a decrease in tensile properties occurs at 450 °C. The tensile strength
decrease with a temperature increase is expected due to recrystallization and softening.
Microstructure softening is a combined action of temperature and stress. In true service
conditions, the material is submitted to the two effects, each of them showing a cyclic
evolution. Creep and stress-rupture tests, which combine the consequences of temperature and
stress, are the first step to roughly classify materials, even if the cyclic parameter is not
present; time to rupture in a simple stress-rupture test may be approximately linked to creep
deformation speed. Creep, and consequently stress relaxation, when the heated surface of the
tool is closely maintained in contact with the material to be transformed, is not significant for
5% chromium steels for temperatures below 500 °C but must be taken into account for
temperatures above that. Figures 6a and 6b show that the stress-rupture resistance of the tested
steel is much better at 500-550 than at 600 °C [6]. With a further temperature increase this
decrease 1s more evident.

It is important here to mention that in some cases due to temper embrittlement the
strength is higher at higher tempering temperatures than at lower tempering temperatures.
Temper embrittlement causes an increase in hardness and a decrease in the toughness of steel.
Taking into account that an (independent) increase in hardness occurs simultaneously, this
phenomenon is called the secondary hardness. The reason for the appearance of the temper
embrittlement is caused by the presence of specific impurities in the steel, which segregate to
prior austenite grain boundaries during heat treatment (mostly within 400-600 °C range). The
main embrittling elements (in order of importance) are antimony, phosphorous, tin and
arsenic. This was confirmed by some earlier research [24, 25]. That is one of the main reasons
why after the reparatory welding tools have to be cooled faster for this temperature interval or
to be careful to avoid tempering at given temperatures.

It should be noted that the presence of vanadium carbide particles in the martensite
matrix also contributes to the high yield strength and, at the same time, increases the wear
resistance [15]. The presence of such particles forms a part of the microstructure and may
even precipitate at high cooling rates corresponding to oil quenching.
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3.1 Strain hardening curves for H11 steel

Strain hardening of steel occurs during the tensile loading within the plasticity domain.
This is why it is necessary to be familiar with the properties of the material within the
plasticity domain, so that its stress and strain behaviour could be predicted. Due to big
problems that arise during the experimental measurement of the main strains, a simpler form
of the hardening curve is used as the functional dependence of the specific strain resistance
and strain represented graphically. The material strain hardening curves are the initial point
for the derivation of the FEM numerical analysis. There are several types of approximations;
two of them are given here:

K=C-¢", (1)

n

where:C =R, e—n ;

n
C and n are the material constants, while ¢ = In(///y) is the natural (logarithmic) strain.
The detailed procedure for the determination of the hardening curves is given in [23].

The hardening curve was calculated for a single specimen at each testing temperature
and the obtained results are shown in Table 4 and Figure 6. That data was then used for the
FE analysis. The curve that would be related to the temperature of 700 °C is not given due to
the high deformation over 25 %.

Table 4 Strain hardening curves for each specimen

Steel | Sample Testing Igyain hardening curves,
AISI N temperature, P
( ) 0. °oC K—C(I) . MPa
1 20 1961.3-¢""'%%7
2 300 1606-¢""'*
3 400 1453.5-¢"0"%%
= 4 500 1496.3-¢""2
5 600 1173.4-¢""7
6 650 817.3-¢""
7 700 440,(p0.02176
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Fig. 5 Failure modes of H11 steel specimens at elevated Fig. 6 Strain hardening curves for each testing
temperatures temperature
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4. FEM analysis of the tensile test

The second part of the paper presents the performed numerical analysis based on the
finite element method and carried out using the PAK software [26]. The objective of the
numerical analysis is to determine the degree of agreement between the results obtained
experimentally and those obtained numerically. If the numerical simulation can reliably
provide results that are similar to the experimental results at a satisfactory level, then
expensive and long experiments of this type can be avoided in further research.

4.1 Large strain elastic-plastic analysis

The stress integration algorithm for large strain deformations in the isotropic plasticity
based on the multiplicative decomposition of the deformation gradient using the logarithmic
strains is given in details in [23]. Due to the low plasticity and ultra-high strength of the tested
steel it can be concluded that the visible necking is missing up to the temperatures of 650 °C.

4.2  Numerical results

The specimen is modelled with 2,400 3D solid elements with 20 nodes per element. An
elastic-plastic material model with isotropic hardening was used. The hardening zone is
described by the Ramberg-Osgood equation:

‘oc,=0,+C, ( e’ )n , (2)

where o, is the initial yield stress, ‘e” the normalized effective plastic strain, C , and n the

material constants.

The obtained results for stress and logarithmic strain are compared with the
experimental results. Figure 7 shows comparative diagrams within the temperature range from
20 to 700 °C. The obtained numerical results compared to the experimental results indicate
that the deviation in stress is small but the deviation in strain is relatively large and not
uniform, being the largest at 500 °C. One can consider restrictions of the model used in the
numerical analysis to be the cause for these deviations since the model did not take all the
variables in the tension process into account. The restriction of this model is also that the
Ramberg-Osgood relationship can give results valid only up to the ultimate strength [27, 28],
while strength hardening occurs, so there are no results for the zone after the ultimate strength
is reached. Some further research should consider the use of more complex mathematical
models such as the models shown in [29-31], which refer to the micromechanical analysis.

In addition, the effective stress and effective plastic strain are shown in Figs 8-14 for the
moment before the fracture of the specimen occurs, at all testing temperatures. By analysing
the deformed models tested at different temperatures one can notice that necking is visible at
the temperatures greater than 600 °C, which is very similar to the real deformation that
occurred on the experimentally tested specimens (Fig. 5).
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Fig. 7 Diagrams of experimental and numerical tensile testing in temperature range from 20 to 700°C
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Fig. 9 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 300 °C
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Fig. 10 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 400 °C
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Fig. 11 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 500 °C
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Fig. 12 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 600 °C
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Fig. 13 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 650 °C
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Fig. 14 Effective stress (a) and effective plastic strain (b) at the moment before fracture at 700 °C

5. Conclusion

The results obtained in this study show the influence of elevated temperatures on
mechanical properties of the high quality hot work tool steel H11. The specimens were tested
in the temperature range from 20 to 700 °C. The obtained experimental results show that this
steel is very stable up to the temperatures of 500 °C to 550 °C and that a drop in mechanical
properties occurs at the temperatures above 600 °C. At these temperatures a significant
decrease in the yield stress and tensile strength of the specimens occurs. The elongation
ability of this steel is relatively small and it does not change until about 600 °C, after which
the application of this steel becomes senseless since its hardness becomes too low. The
experiments confirm that the H11 steel behaves reliably up to the mentioned temperatures, so
the conclusion is that it can safely be applied in the manufacture of forging dies, although they
should be occasionally cooled by graphite suspensions and the surface temperature must be
monitored and controlled, so that it would not surpass the critical temperature of 550 °C.

The developed numerical model can be considered as satisfactory since the obtained
results are similar to the experimental results. The authors will conduct further research to try
to improve the adopted model but it can be said that this model can be used for calculations
when experiments cannot be carried out. The authors hope that the results presented in this
paper will prove useful to engineers in building structures, parts and assemblies made of the
steel H11.
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