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INFLUENCE OF HIGH PRESSURE-HIGH TEMPERATURE METHOD ON THE SELECTED MECHANICAL PROPERTIES 
OF STEEL AISI 316L WITH 2% TiB2 

AISI 316L/TiB2/2p composites were manufactured by HP-HT using different pressures (5 and 7 GPa) and temperatures (900-
1300°C), with constant reinforcing particle content 2 vol%. The mechanical properties of the composites were evaluated on the 
basis of hardness (HV0.3) and compression tests (20°C, 10−5 s−1). The results showed that the role of sintering pressure increased 
with increasing process temperature. At temperatures of 900°C and pressures of 5 and 7 GPa the difference in measured values 
of compressive strength was 1-2%, while at 1300°C they reached 20%. At constant pressure of 5 GPa, a change in hardness and 
compressive strength of 40% were obtained with a temperature change of 900 to 1300°C. Changes in mechanical properties in the 
composite occurred without substantial changes in density, microstructure, reinforcement phase distribution, and phase composi-
tion in the matrix. 

Keywords: High Pressure-High Temperature, Physical Properties, Mechanical Properties, Steel Matrix Composites, Titanium 
Diboride

1. Introduction 

In the area of materials engineering, research works are 
undertaken on the development of advanced materials, with 
attention focused on special opportunities to develop new 
manufacturing technologies for these materials. One of the most 
promising groups of advanced materials is the metals reinforced 
by ceramic particles. The developments in this group of materials 
are characterized not only by the invention of new manufacturing 
technologies, but also and mainly by the achievement of better 
physical and chemical properties. Currently, titanium diboride 
is a material with a growing interest among various ceramics, 
due to its unique physical, chemical and mechanical proper-
ties [1-3]. In contrast, iron base alloys are used as the matrix 
of metal composite materials, because of their low cost, good 
mechanical properties and wear resistance [4,5].These materials 
allow for a significant reduction in cost compared to existing 
competing materials. High interest composite steel (steel-matrix 
composites) are associated with obtaining high strength, modulus 
and wear, corrosion resistance than could not be achieved for 
a conventional alloy [6-9]. Numerous studies, confirmed the 
importance of manufacturing methods (in situ or ex situ) and 
their influence on microstructures especially, on reinforcing 
phases (distribution, shape, size). Papers also shown the effects 
on the stress-strain curves, plastic flow, hardness, for this type 
of materials etc. Particularly interesting seem to be all the is-

sues related to the impact of manufacturing process parameters, 
especially as regards the more advanced techniques like HP-HT 
(High Pressure-High Temperature) [10,11], FAST/SPS (Field As-
sisted Sintering Technique/Spark Plasma Sintering) [12], SHSB 
(Self Propagating High Temperature Synthesis in Bath) [13-16], 
ECAP (Equal-channel angular pressing) or KoBo [12,17-20], 
FSP (Friction Stir Processing) [21-23], on changes in hardness, 
the waveforms of related curves, and other mechanical proper-
ties. The paper presents the results of studies regard to influence 
of manufacturing process parameters on the physical properties, 
hardness, plastic flow and shape of the stress-strain curves of the 
AISI 316L/TiB2/2p composite. The key differences in selected 
properties of the examined composite have been presented in 
correlation with the parameters of the HP-HT process. Investi-
gations have been made to answer the question what impact the 
high pressure and temperature may have on selected properties 
of the composite material.

1.1. High Pressure-High Temperature technology 

High pressure sintering process is one of the techniques 
which restrain the growth and accelerate the densification pro-
cess. The important advantage of the HP-HT sintering method 
is the possibility of simultaneous exposure to high pressure 
and high temperature. The consequence of the simultaneous 

* PEDAGOGICAL UNIVERSITY OF KRAKOW, INSTITUTE OF TECHNOLOGY, 2 PODCHORAZYCH STR., 30-084, KRAKOW, POLAND
** AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, FACULTY OF NON-FERROUS METALS, AL. MICKIEWICZA 30, 30-059 KRAKÓW, POLAND
# Corresponding author: iwona.sulima@up.krakow.pl



1586

application of high pressure and high temperature is flexibility 
in reducing the time of the sintering process to tens of seconds, 
when the traditional methods usually last a few or several hours. 
The effect of sintering method using HP-HT is high degree of 
densification of the sintered product tending to 100% combined 
with the ability to obtain simultaneously a fine microstructure. 
HP-HT method is applied in the sintering process of a large group 
of materials, to mention diamond, regular boron nitride (cBN), 
TiB2 ceramics, gradient materials, as well as intermetallics and 
composites [24-27]. Details of the process and its opportunities 
are more widely reported in the literature [28,29]. The HP-HT 
method was choice because very short duration of sintering 
process and pressure participation during this process.

2. Materials and experimental methods 

2.1. Materials

The starting materials used in this study were commercial 
titanium diboride powder (Atlantic Equipment Engineers, 10 μm 
grade, purity 99.9%) and AISI 316L austenitic stainless steel 
powder (Hoganas, 45 μm grade). The chemical compositions 
of the AISI 316L steel powder and TiB2 ceramic powder under 
study are given in Table 1 and Table 2.

TABLE 1

Chemical composition (wt %) of AISI 316L stainless steel powder, 
balanced Fe

C Cr Ni Mo Mn Si S P
0.027 17.20 12.32 2.02 0.43 0.89 0.03 0.028

TABLE 2

Chemical composition (wt %) of TiB2 powder

B O C N Fe Ti
30.1 1.6 0.36 0.32 0.06 Bal.

2.2. Manufacturing process 

The raw powders were prepared by milling in a planetary 
mill Pulverisette 6 Mono for 6h. The initial phase composi-
tion of mixtures for the sample preparation was 98 vol% 
AISI 316L + 2 vol% TiB2. Next, the mixture of powders was 
formed into discs (diameter d – 15 mm, height h – 5 mm) by 
pressing in a steel matrix under the pressure of 200 MPa. The 
sintering process was carried out using a high pressure-high 
temperature (HP-HT) Bridgman type apparatus. Figure 1 pre-
sents a scheme of the chamber for high-pressure sintering with 
spherical anvils of the Bridgman type. The samples were sintered 
at temperatures of 900 °C, 1150°C and 1300°C and the pressures 
of 5 ± 0.2 GPa and 7 ± 0.2 GPa. The sintering parameters are 
given in Table 3 were determined on the basis of reports in the 
literature [31-33] and our own experience. 

Fig. 1. Scheme of the chamber for high-pressure sintering with spheri-
cal anvils of the Bridgman type [30] where: 1 – anvil (A – central part 
made of sintered carbides, B – supporting steel rings), 2 – pyrophyllite 
container, 3 – pyrophyllite gasket, 4 – material for sintering, 5 – punch, 
6 – supporting plate.

2.3. Measurements

The density was determined by weighing in air and water 
using the Archimedes method. The uncertainty of the measure-
ments was 0.02 Mg/m3. The Youngs modulus of the composites 
was measured based on the velocity of ultrasonic waves transition 
through the sample using a Panametrics Epoch III ultrasonic 
flaw detector. The velocities of the transverse and longitudinal 
waves were determined as the ratio of sample thickness and 
relevant transition time. The accuracy of the calculated Youngs 
modulus was estimated at 2%. Calculations were made using 
the following formula (1):
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where: E – Youngs modulus, CL – longitudinal wave velocity, 
CT – transversal wave velocity, ρ – material density.

TABLE 3

Sintering parameters, Wa – duration of the heating, 
St – sintering, Co – cooling

Sample P [GPa] T [°C] Wa [s] St [s] Co [s]
S5-1 5 900 5 60 5
S5-2 5 1150 5 60 5
S5-3 5 1300 5 60 5
S7-1 7 900 5 60 5
S7-2 7 1150 5 60 5
S7-3 7 1300 5 60 5

The microstructure investigations were conducted using 
a JEOL JSM 6460 LV scanning electron microscope with sec-
ondary electron imaging (SEI) and backscattered electron imag-
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ing (BEI) detection modes, Oxfords Energy Dispersive X-ray 
Spectroscopy (EDS) microprobe and Aztec Software. 

For the analysis of phase composition, an X-ray Kristaloflex 
D500 diffractometer made by SIEMENS with Cu tube radiation 
(lambda = 0.154 nm) was used. 

The Vickers hardness tests were made on an Innovatest 4303 
hardness machine with a load of 3N and in accordance with the 
European standard EN ISO 6705-1. 

The mechanical properties of the composites were also 
tested in the compression test on a modified version of the Instron 
TT-DM machine equipped with an electronic measuring circuit. 
Tests were performed on cylindrical samples with h to d ratio of 
1.5, cut out from the sintered materials. Tests were performed at 
20°C with an initial strain rate equal to 10−5 s −1. 

The analysis of hardening ranges was carried out accord-
ing to the methodology proposed by Ludwigson [34] using the 
following formula (2): 

 σ = K1εn1 ± e (K2 + εn2) (2)

and methodology proposed by Hollomon [35] using the follow-
ing formula (3): 

 σ = K1εn1 (3)

where: σ and ε – the real stress and real strain respectively, 
K1,2 – strength coefficients, n1,2 – strain hardening exponent.

The K1 and n1 parameters are often used to assess the 
behaviour in both uniaxial compression and/or tension tests at 
room and at elevated temperatures [36-39].These constants have 
also been used to relate the tensile and compression properties to 
hardness behavior, metal forming and many other phenomena. 
Intensive researches are made to understand the physical sig-
nificance of these parameters by correlation with the materials 
microstructures, grain size, yield strength etc. [40-44]. 

3. Research and Discussion 

3.1. Physical properties

Studies of basic physical properties of the composites al-
lowed determining the density and Young’s modulus for sinters 
obtained under different conditions of pressure and temperature. 
It was observed that in the case of the manufactured AISI 316L/
TiB2/2p composites, the selected sintering conditions had no 
significant effect on its density. The values obtained were at 
a level between 7.77 Mg/m3 (for the composite obtained at 900°C 
and a pressure of 7 GPa) and 7.83 Mg/m3 (for the composite 
obtained at 1300°C and a pressure of 5 GPa), which corresponded 
to 99% of the theoretical density. The obtained results confirm 
the validity of the sintering process and proper selection of its 
parameters. The similar tendency is for in the case of Young’s 
modulus. There was a mild, i.e. not exceeding a few percent, 
influence of sintering parameters on the obtained values of the 
modulus of elasticity. Young’s modulus correlated with the 
sintering temperature and pressure is shown in Figure 2. The 

accuracy of calculated Young’s modulus is estimated at 2%. 
The maximum value of Young’s modulus was obtained in the 
samples sintered at a pressure of 5 GPa and a temperature of 
1300°C and it amounted to 95% of the theoretical value, while 
the lowest value was 91% and it was obtained in the samples 
sintered at temperatures of 900°C and 1150°C and a pressure 
of 7 GPa. The results show that both temperature and pressure 
within the accepted range of production parameters have no ma-
jor effect on the density and Young’s modulus of the tested com-
posite. 

Fig. 2. The effect of temperature and pressure on the Young’s modulus 
of the AISI 316L/TiB2/2p composites fabricated by the HP-HT process

3.2. Mechanical properties

Similar analysis of the effect of manufacturing parameters 
on the mechanical properties was carried out using the results 
of hardness measurements and compression tests. The effect 
of sintering pressure and temperature on hardness of the AISI 
316L/TiB2/2p composite is shown in Figure 3. A minimum of 
six hardness measurements were made for each sample. Stand-
ard deviations of HV0.3 values were no more than 4% of the 
average values.

Regardless of the applied pressure and temperature of 
sintering, significant differences were observed in the hardness 
values. Figure 3 clearly shows the negative effect of high tem-
perature of the manufacturing process on the value of the HV 
0.3 hardness number. 

For the pressure of 5 GPa, the observed decrease in hard-
ness values amounted to about 40%, while for the pressure of 
7 GPa it reached the level of about 30%. It should also be noted 
that for the samples produced at different sintering pressures 
of 5 GPa and 7 GPa but at the same temperature, the resulting 
hardness differences were of 15% at maximum. These results 
demonstrate a pronounced effect of temperature and much less 
pronounced effect of pressure on the composite hardness. For 
sintered AISI 316L steel without TiB2 additive, the decrease in 
hardness values as a function of sintering temperature was about 
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20%, independently of the applied sintering pressure. However, 
no significant effect of sintering pressure on the hardness of pure 
steel was observed.

However, given the fact that in the case of composite 
materials, hardness measurements may carry errors resulting, 
from e.g. differences in the distribution of the reinforcing phase 
[23,45], the results of compression tests were adopted as the rep-
resentative ones and allowing the determination of macroscopic 
mechanical properties of the AISI 316L/TiB2/2p composites.

The performed compression tests enabled evaluating the 
impact of sintering conditions on the parameters of equations 
describing the ranges of the AISI 316L/TiB2/2p composite hard-
ening. The mechanical deformation characteristics of composites 
studied in a true stress – true strain (σ − ε) system are shown 
in Figure 4. 

As can be seen, the changing production parameters sig-
nificantly affect the stress of the composite plastic flow and the 
run of σ − ε curves. It has been found that, besides the sintering 
temperature, the values of the compressive strength obtained 
in individual samples are also dependent on pressure. The 
importance of this parameter is increasing with the increasing 
temperature of sintering. In the case of the sintering temperature 
of 900°C, the differences between the values of s for the pressure 
of 5 GPa and 7 GPa are only 1-2%, and in principle it can be as-
sumed that they are comprised within the limits of measurement 
error. However, at a temperature of 1300°C, the differences in the 
compressive strength values reach almost 20%. A much stronger 
effect was observed in samples sintered at different temperatures 
but constant pressure. The maximum difference was reported 
for the sintering pressure of 5GPa, when the values of s for the 
temperatures of 900°C and 1300°C differed by almost 40%. For 
the pressure of 7GPa, the differences were much smaller and 
amounted to approximately 25%. For the AISI 316L austenitic 
steel, the differences between the values of Rc for the pressure 
of 5 GPa and 7 GPa, at a sintering temperature of 1000°C and 
1300°C, are 8% and 13% respectively [9]. 

a)

b)

Fig. 4. Mechanical characteristics of the compression of samples af-
ter the HP-HT process conducted under conditions listed in Table 3: 
a) 5 GPa, b) 7 GPa

Fig. 3. Changes in the  hardness HV 0.3 related to the temperature and 
pressure parameters of the sintering process of the AISI 316L/TiB2/2p 
composites

Fig. 5. Example of different types of the deformation curves plotted in 
a log(σ) − log(ε) system for the two extreme cases of the S5-2 (5 GPa, 
1150°C) and S7-2 (7 GPa, 1150°C) composites
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Fig. 6. Example of the occurrence of hardening ranges with additional 
Range 1' marked on the log(σ) − log(ε), applies to samples S5-1, S7-1, 
S7-2 and S7-3 according with data presented in table 4

To describe the ranges of hardening, the literature uses 
numerous empirical relationships, where one of the most fre-
quently used is the Ludwigson relationship [34,39,46,47]. This 
relationship was used for the analysis and description of the test 
composite hardening curves. The analysis of the hardening be-
havior showed the existence of two different types of curves, both 
depending on the manufacturing process, as shown in Figure 5. 

With the change of sintering parameters changes the size of 
individual ranges. In accordance with Ludwigson equation (2), 
the first range of hardening is significantly reduced for all AISI 
316L/TiB2/2p composites produced at a pressure of 7 GPa and 
for the composite sintered at 900°C and 5 GPa. In most cases, 
the existence of small but interesting, additional range was dis-
closed in the area of small deformations as shown in Figure 6. 

Following the preliminary analysis of the hardening ranges, 
an attempt was made to describe them with Ludwigson equation. 
However, this has proved to be possible only in the two selected 
cases. A correct fit of the experimental and theoretical curves was 
obtained for two composites only, i.e. (S5-2 and S5-3), sintered at 
a pressure of 5GPa and at temperatures of 1150°C and 1300°C. 
In other cases, although the values of strength coefficients K1 
and K2 and hardening exponents n1 and n2 were derived from 
Ludwigson equation, they did not give a satisfactory fit for the 
experimental and theoretical data. For this reason, the idea to 
use Ludwigson equation was given up, and for the description of 
hardening ranges Hollomon relationship [35,39,46,47] has been 
used. The obtained values of coefficients K1 and n1 for different 
ranges of hardening are compared in Table 4. 

It was assumed that the values of coefficients with index 1' 
will correspond to the additional range in the area of small de-
formations, 1'' to further part of the range of small deformations, 
and 2 to the range of large deformations. 

The obtained results clearly demonstrate that for the 
composite produced at a pressure of 7 GPa, regardless of the 
examined range (the range of small deformations), with increas-

ing temperature, the values of the strength coefficients K1' and 
K1'', also increase, to decrease next in the range of large defor-
mations (K2). On the other hand, for the hardening exponent 
n i, an upward trend was recorded in all the tested ranges. The 
situation was different in the case of the AISI 316L/TiB2/2p 
composite produced at a pressure of 5 GPa. In this case, there 
was no steady upward or downward trend. The values of the 
strength coefficient and hardening exponent were significantly 
higher for the sintering temperature of 900°C than for all other 
variants of the sample treatment, including samples made at 
a pressure of 7 GPa. However, with the increase of sintering 
temperature, the changing character of deformation curves 
caused drop first and increase next in the values of the strength 
coefficient K1'' and hardening exponent n1''. In the range of large 
deformations, the values of the strength coefficient K2 were 
decreasing with increasing temperature, while the behavior of 
parameter n2 was similar to the composites sintered at a pres-
sure of 7 GPa. It should be noted that for the samples of the 
S5-2 (5 GPa, 1150°C) and S5-3 (5 GPa, 1300°C) composites, 
the values of the strength coefficients in the range of large 
deformations were similar to the values recorded for pure 
AISI 316L steel, while in other cases, these values were much 
higher [43,48].

3.3. Discussion of results 

Using the results obtained, an attempt was made to explain 
the source of so significant differences not only in the hardness 
values, but also in the values of the stress of plastic flow and in 
the nature of changes in the tested composite hardening range 
(the values of the strength coefficient and hardening exponent 
according to Hollomon equation). 

Several factors that might affect the examined properties 
have been taken into account, including the impact of porosity, 
microstructure and phase transformations on the investigated 
mechanical properties. 

First of all, possible effect of porosity on the obtained results 
was excluded [49-51]. As stated in Section Physical properties, 
for all tested samples, the density of the sintered AISI 316L/
TiB2/2p composite was the same and related density is 99%. 
Thus porosity could not be the source of differences in hardness 
or mechanical characteristics of the deformation. 

TABLE 4

The values of the strength coefficient K1 and hardening exponent n1 
in Hollomon equation for the AISI 316L/TiB2/2p composites sintered 

under various conditions of pressure and temperature

Sample K1' n1' K1'' n1'' K2 n2
S5-1 3.760 0.650 3.850 0.719 3.400 0.232
S5-2 — — 3.804 0.694 3.165 0.095
S5-3 — — 3.999 0.768 3.060 0.098
S7-1 3.665 0.577 3.777 0.653 3.295 0.111
S7-2 3.693 0.596 3.826 0.697 3.283 0.115
S7-3 3.716 0.704 3.835 0.787 3.202 0.142
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The next stage of the research included analysis of the com-
posite microstructure. Since mechanical properties of the material 
are reflected in its microstructure, the occurrence of significant 
microstructural differences in the test samples was expected. Sev-
eral factors such as grain size and distribution of the reinforcing 
phase [23,45,48] were taken into account as possible causes of 
so large differences in the mechanical properties of two samples. 
To clarify the doubts, microstructure of all the tested samples 
was examined by SEM and the results are shown in Figure 7. 

Considering the fact that in all the examined cases no major 
differences were traced in the composite microstructure, Figure 7 
shows only the example of microstructure images obtained for 
the two extreme cases. In all samples, the grain size was observed 
to be at a similar level (equivalent diameter 24 ± 2 μm), and the 
same distribution of the TiB2 reinforcing particles has occurred 
along the alloy matrix boundaries. 

The fact that the observed differences were not in the least 
degree reflected in the microstructure has motivated further 
studies. So, relying on reports in the literature about the possi-
bility of occurrence of phase transformations in the AISI 316L 
alloy [52-54], and taking into account significant changes in 
the equilibrium system at high pressure, X-ray phase analysis 
was carried out for studied composites. Significant differences 

were expected to occur in the phase composition, which might 
explain the observed changes in mechanical properties. For 
this purpose, studies were conducted on all prepared samples. 
Figure 8 shows as an example two diffraction patterns illustrat-
ing the phase composition of the composite after sintering. In 
all the examined cases, also the phase composition has proved 
to be almost identical.

The analysis of the X-ray diffraction patterns shown in 
Figure 8 has revealed in the S5-1 composite sintered at 900°C 
the content of austenite and α phase at a level of 65.5% and 
34.5%, respectively. In the S5-3 composite sintered at 1300°C 
the content of austenite and α phase was at a level of 66.4% and 
33.6%, respectively. In other cases, the obtained results were 
in the same range of values, and differences between them did 
not exceed 1%. Taking into account the fact that the obtained 
results demonstrate the lack of differences in the density of the 
manufactured composites and the lack of any more significant 
differences in the microstructure or phase composition, it is clear 
that the adopted research methods are not sensitive enough to 
allow identification of a mechanism responsible for the observed 
changes in mechanical properties. 

In the present state of studies, a hypothesis can be put 
forward that the observed changes, both qualitative and quantita-

Fig. 7. Examples of microstructure images of the AISI 316L/TiB2/2p composites sintered by the HP-HT method: a) T = 900°C, P = 5 GPa, mag. 
500×; b) T = 1300°C, P = 5 GPa, mag. 500×, c) T = 900°C, P = 5 GPa, mag. 3000×; d) T = 1300°C, P = 5 GPa, mag. 3000×
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tive, in the ranges of hardening and in the values of the stress of 
plastic flow and hardness of the tested composites may be due 
to subtle changes in the dislocation structure. These changes are 
probably the result of a significant and still not fully investigated 
effect of high pressure and temperature on processes that may 
occur during sintering. Moreover, the conditions changing at 
the end of the sintering process, including the variable cooling 
rate correlated with pressure, may also induce the presence of 
high internal stresses. Confirmation of this hypothesis requires, 
however, further more detailed studies using transmission elec-
tron microscopy.

4. Conclusions

The obtained results showed significant differences in 
selected mechanical properties of composites manufactured 
under varying conditions of pressure and temperature. The 
exact cause of these differences was not established. The study 
has proved that: 
• Changes in process temperature affect in a significant way 

the values of hardness and stress of plastic flow. The magni-

tude of this impact is similar for both examined parameters. 
The maximum differences between the samples were found 
in the composite produced at a pressure of 5 GPa and tem-
peratures of 900°C and 1300°C. The observed differences 
in hardness were at a level of about 40%. On the other hand, 
the recorded maximum increase in the value of the stress 
of flow was at a level of about 40% too. 

• The effect of sintering pressure was increasing with the 
process temperature increase. For the temperature of 900°C 
and pressure of 5 GPa and 7 GPa, the observed differences 
in the examined compressive strength were at a level of 
1-2%, but for the temperature of 1300°C they went up to 
20%. 

• The adopted parameters of the sintering process had sig-
nificant influence on the value and the hardening ranges, 
making impossible the use of the popular Ludwigson model 
to describe the course of hardening. 

• There were not visible changes in the density, phase compo-
sition, microstructure, distribution of the reinforcing phase, 
or in the matrix. Therefore the occurrence of very large 
differences in the dislocation structure of the investigated 
composites is to be expected. 

Fig. 8. Examples of analysis of the phase composition of the manufactured composites: a) T = 900°C, P = 5 GPa; b) T = 1300°C, P = 5 GPa
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