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Abstract

The results of corrosion studies of composite materials obtained by two methods of powder me-
tallurgy are presented in the article. The main goal of the studies was to determine the high-tem-
perature corrosion resistance of steel-matrix composites reinforced with 8 vol.% TiB,. Thermogra-
vimetric analyses were conducted at 1100°C in air during a 24 h cycle. The microstructure of the
composite after thermogravimetric studies was observed with a scanning electron microscope.
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Streszczenie

Praca prezentuje wyniki badan korozyjnych materiatéw kompozytowych otrzymanych dwoma
metodami metalurgii proszkéw (PM). Gtéwnym celem pracy byto okreslenie wysokotemperaturo-
wej odpornosci korozyjnej kompozytéw o osnowie stali austenitycznej umacnianych 8% obj. TiB,.
Przeprowadzono badania termograwimetryczne w temperaturze 1100°C w atmosferze powietrza
w cyklu 24-godzinnym. Mikrostrukture powierzchni kompozytéw po badaniach termograwime-
trycznych obserwowano przy uzyciu skaningowej mikroskopii elektronowej.

Stowa kluczowe: kompozyt, stal austenityczna, termiczna analiza r6znicowa (DTA), termograwi-
metria (TG)

1. Introduction

Thermal analysis is applied in metallurgy to determine the physicochemical properties
of metals and alloys as well as metal-matrix composites [1-3]. Thermal analysis allows us
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to describe features of the material as functions of time and temperature. Under the in-
fluence of temperature changes (heating and cooling), specific heat of materials change
and, moreover, materials may undergo physical (e.g., melting, boiling, evaporation, crys-
tallization, sublimation) or chemical (e.g., oxidation, reduction) transformations. Taking
advantage of the possibilities given by thermal analysis, mass loss, water content, tem-
peratures of physical transformations, thermal effects of exothermic and endothermic
reaction, thermal effects associated with physical changes and chemical reactions, ther-
modynamic parameters such as enthalpy, entropy or specific heat can be determined.
The mentioned data allows us to determine comprehensively technological proper-
ties and chose parameters of technological processes when the studied materials are
used [4-7]. Thermogravimetry allows us to measure changes of mass (loss or gain) with
changes of temperature or time. In a TG curve, steps connected with mass loss or gain
of the sample during its heating or cooling can be observed. Differential thermogravi-
metric curves (DTG) present the change of reaction rate of a substance with an increase
or decrease in temperature or as a function of time [6, 8]. Differential thermal analysis
(DTA) registers differences of temperature (AT) between a studied sample and a refer-
ence sample, which are placed in identical conditions in heated or cooled environments.
Temperatures of both samples are usually measured by means of thermocouples that
are connected differentially. The result of the analysis is the characteristics of difference
in voltage between sample and reference thermocouples with respect to temperature.
When the temperature of the studied material is higher than that of the reference sam-
ple, this means that an exothermic reaction occurs. On the other hand, an endothermic
reaction takes place when the temperature of the studied material is lower than the tem-
perature of the reference sample [7, 8].

The corrosion properties of the sintered austenitic stainless steels were studied us-
ing electrochemical methods in aggressive media. The producing methods and treat-
ment significantly influences the corrosive properties of the steel [9]. Hamdy et al. [10]
observed a marked increase in corrosion resistance of nitrided stainless steel even after
maintaining two weeks in an NaCl solution. Effects of the treatment temperature was
also studied. It was shown that those as-polished samples nitrided at 450°C have the
highest corrosion resistance. Padmavathi et al. [11] observed that microwave sintering
of 316L steel at supersolidus temperature (1400°C) resulted in improved corrosion resist-
ance as compared to solid state and conventional sintered samples.

Furthermore, the corrosion resistance of austenitic steel sintered with boron is dis-
cussed in detail [12-14]. Besides, in order to improve the corrosion resistance, the effects
of copper, tin, and other additions to steel powder were the subjects of investigations in
[15-17]. Also, another method of corrosion-resistance improvement is the introduction
of ceramic particles to steel [18, 19]. For example, Padmavathi et al. [20] investigated the
corrosion resistance of the 316Lsteel composites with 5 and 10 wt.% YAG in an H,SO, so-
lution. The superior corrosion resistance and higher passivation behavior were received
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for composites with 5 wt.% YAG (at 1400°C). This is mainly due to microstructural coars-
ening, homogeneous melt distribution along the grain boundaries, and removal of al-
most all pores. The literature on the corrosion behavior of austenitic steel composites
with borides is very limited. There are no published reports on the corrosion behavior of
steel composites with borides sintered by the HP-HT and SPS methods.

Steel-matrix composites with ceramic particulates have significant potential for
structural applications due to their high specific strength and stiffness [21-23]. The in-
corporation of ceramic particulates into the steel-matrix can improve hardness, strength,
and wear resistance. Corrosion behavior is a very important parameter for assessing the
application potential of composites as structural materials. However, the corrosion resist-
ance of steel-matrix composites is always inferior to their monolithic matrix alloys due
to one or more of following possible reasons: (1) galvanic coupling of the reinforcement
constituent and matrix; (2) the formation of an interfacial phase between the matrix and
reinforcement; and (3) microstructural changes and processing contaminants resulting
from the manufacture of the steel-matrix composite [24, 25].

The aim of this paper is to analyze the corrosion resistance of steel-matrix compos-
ites reinforced with TiB, at a high temperature (1100°C).

2. Methods

The commercial AlSI 316L austenitic stainless steel (particle size of about 25 um, Hoga-
nas), TiB, (particle size of 2.5-3.5 um, H.C. Starck), and boron (particle size of 5-7 um,
Goodfellows) powders were employed as starting materials. The mixing of the steel and
ceramic powders was carried out in a Turbula mixer for 8 hours. A few options of com-
posites reinforced with 8 vol.% TiB, (steel + 8% TiB,) were sintered. In the case of some of
them, boron in an amount of 1 vol.% was added to the austenitic-steel matrix (final com-
position: steel + 8% TiB,+ 1% B). The composites were obtained by one of two modern
techniques: High Pressure — High Temperature (HP-HT) and Spark Plasma Sintering (SPS).
Tables 1 and 2 presents the conditions of sintering the composites. In the case of the
HP-HT method, the powders of the mixtures were formed into discs (15 mm in diameter,
5 mm in height) by pressing a steel matrix under a pressure of 200 MPa. The sintering
process was conducted using a Bridgman-type apparatus. The SPS process was carried
out using an HPD 5 FCT System GmbH furnace. Powders are compacted in a graphite die
using a maximum pressure of 35 MPa in a vacuum. Next, the SPS furnace chamber in-
troduced argon, which acted as a protective gas. Details regarding the applied sintering
methods and properties of the studied composites are given in [26, 27].
Thermogravimetric analyses were carried out with NETZCH equipment with an
STA 449 F3 Jupiter attachment coupled with mass spectrometer QMS 403C Aéolos
(Fig. 1). The device can be applied to perform TG-DSC/DTA measurements of a wide ar-
ray of materials, including ceramics, metals, alloys, chemical compounds, polymers,
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composites, etc. A compensation technique in a scale mechanism allows us to perform
mass-change measurements of the analyzed sample with an accuracy of 1 ug in the range
of mass change 0-35 mg. In addition, the unique construction of the protective gas flow
eliminates the risk of damage to the scale mechanism by evaporating reaction gases.

Table 1. The HP-HT sintering conditions of composites used in corrosion studies

Composite Sintering method Temperature [°C] Pressure [GPa]
Steel + 8% TiB, HP-HT 1300 7
Steel + 8%TiB, + 1% B HP-HT 1300 7

Table 2. The SPS Sintering conditions of composites used in corrosion studies

Composite Sintering method Temperature [°C] Time [min]
Steel +8%TiB, SPS 1100 5
Steel +8%TiB, SPS 1100 30
Steel + 8% TiB, + 1% B SPS 1100 5
Steel +8%TiB, + 1% B SPS 1100 30

Fig. 1. a) Schematic diagram of STA 449 F3 Jupiter Netzsch thermal analyzer; b) apparatus type STA 449 F3
Jupiter with QMS 403C Aéolos mass spectrometer, which was used in tests TG-DSC/DTA [28]

As a part of our high-temperature corrosion studies, measurements of mass chang-
es as a function of time (24 h) TG/DTA at 1100°C in air were conducted. The microstruc-
ture of the sintered materials before and after the corrosion experiments was character-
ized by scanning electron microscopy (JEOL JSM 6610LV) with an EDS (Energy Dispersive
Spectroscopy) detector.
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3. Results and discussion

In Figures 2-7, dependencies of mass change from temperature (TG) and DTA for the
studied composites are presented. Thermal analysis showed an increase of mass with
time (24 h) at a constant temperature of 1100°C. It can be suspected that, in an air at-
mosphere, an oxidation process of the composites takes place at the surface. Analysis
of TG data (Figs 2—4) proves that the total mass gain after 24 hours reaches the follow-
ing levels: 8.56 mg, 12.79 mg and 8.29 mg for steel + 8% TiB, composites sintered at
1300°C-7 GPa (HP-HT), 1100°C-5 min (SPS) and 1100°C-30 min (SPS), respectively.

In the case of the given materials, the DTA curve does not show any peaks character-
istic of phase transition at the mentioned ranges of time and temperature. In 24 hours of
testing, the increment of mass is uniform for the discussed composites (Figs 2—4).

Besides, an increase of mass was also observed in the case of samples made of steel
+ 8% TiB,+ 1% B after 24 hours (TG curves, Figs 5-7). The total increase of mass for ma-
terials sintered at 1300°C-7 GPa (HP-HT) is established at a level of 7.98 mg. In the case
of composites reinforced with boron (Fig. 5), the total increase of mass is less than that
of the unmodified composites (Fig. 2). One strong stage of gaining mass is observed
at the TG curve after 4 h (Fig. 5). The analyzed composites exhibit some changes in
the DTA curves in the form of a single exothermic effect after 3.5 h of test duration. In the
remaining part of the test (which lasted up to 24 h), the monotony of the DTA curve has
not been altered.
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Fig. 2. Relationships between changes in mass and temperature (TG) and differential thermal analysis
(DTA) for steel + 8% TiB, composite (HP-HT sintering, 1300°C-7 GPa)
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Fig. 3. Relationships between changes in mass and temperature (TG) and differential thermal analysis
(DTA) for steel + 8% TiB, composite (SPS process, 1100°C-5 min)
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Fig. 4. Relationships between changes in mass and temperature (TG) and differential thermal analysis

(DTA) for steel + 8% TiB,composite (SPS process, 1100°C-30 min)
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Fig. 5. Relationships between changes in mass and temperature (TG) and differential thermal analysis
(DTA) for steel + 8% TiB,+ 1%B composite (HP-HT sintering, 1300°C-7 GPa)

On the other hand, in the case of the same composites sintered by the SPS meth-
od at 1100°C-5 min (Fig. 6), the total increase of mass is 9.94 mg. Also, the composites
modified with boron (Fig. 6) show a smaller total mass gain compared to the unmodi-
fied composites (Fig. 3). In the TG curve, two distinct stages of increasing mass occurring
for different periods of time and with various rates are observed after testing times of
2.5 and 6 h; later, the mass gain took place quite uniformly. Characteristic peaks indi-
cating phase transitions were also observed. The minima of the peaks prove an exo-
thermic reaction at the given time and temperature of 1100°C, which is associated with
heat absorption or emission. The two observed exothermic effects of DTA characteris-
tics happened after testing times of about 2.5 and 6 hours. The remaining testing times
(up to 24 h) did not affect the monotony of the DTA curve.

An exception consists in composites modified with boron and obtained by the SPS
method in conditions of 1100°C-30 min. These materials showed a higher mass gain
(10.08 mg, Fig. 7) as compared to steel + 8% TiB, composites (8.29 mg, Fig. 4). Besides,
it is observed that steel + 8% TiB, + 1% B composites sintered at 1100°C-30 min (SPS)
exhibit a quite-uniform increase of mass during the 24 hours of testing. The conditions
of conducting the test did not influence the change of monotony of the DTA curve in
24 hours. Analysis of the DTA curves does not show the presence of any peaks, which
could indicate an endothermic or exothermic reaction.
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Fig. 6. Relationships between changes in mass and temperature (TG) and differential thermal analysis
(DTA) for steel + 8% TiB,+ 1% B composite (SPS process, 1100°C-5 min)
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Fig. 7. Relationships between changes in mass and temperature (TG) and differential thermal analysis
(DTA) for steel + 8% TiB,+ 1% B composite (SPS process, 1100°C-30 min)
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Microstructural observations of the composite surfaces before and after thermogravi-
metric studies were carried out. Typical microstructures of the sintered composites before
testing are presented in Figure 8. An SEM observation showed that all composites had a uni-
form dispersion of fine TiB, particles (dark precipitates) in the austenitic steel-matrix. The
reinforcing TiB, phase had the tendency to settle along the steel-matrix grain boundaries.
Differences were revealed in the microstructure of materials sintered by SPS as compared
to the materials sintered by the HP-HT method. Application of the SPS method promotes
the formation of new phases. Chemical analysis of composites sintered by SPS disclosed the
presence of numerous precipitates in the microstructure, containing mainly chromium [29].

a) b)

BEC 25kV WD10mm SS40 x1,000

BEC 15kV WD10mm  SS50

Fig. 8. SEM micrograph of the steel-8% TiB, composite sintered at: a) 1300°C-7 GPa (HP-HT);
b) 1100°C-30 min (SPS); and the steel + 8% TiB,+ 1% B composite sintered at: ¢) 1300°C-7 GPa (HP-HT);
d) 1100°C-30 min (SPS)

Surface morphology of the composites after corrosion experiments is presented in
Figures 9-11. The surfaces of all composites show the formation of a characteristic oxide
layer when the corrosion studies were carried out in air. According to literature [30, 31],
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three iron oxides may be formed at the surface of steel-matrix composites such as Fe,0;,
Fe;0, and FeO phases, which directly adhere to the composite surface. Moreover, it was
found that, at high temperatures above 800°C, chromium oxide (Cr,05) and complex ox-
ides such as FeCr,0, or (Fe, Ni, Cr)O, can be formed on the steel surface [17, 32, 33].

SEI  15kV WD10mm SS50 x500 50pm 15kv WD10mm SS50 x500 50pm

Fig. 9 Microstructure (SEM) of the surface of composites after tests for: a) steel-8% TiB,composite
(HP-HT process, 1300°C-7 GPa); b) steel + 8% TiB,+ 1% B composite (HP-HT process, 1300°C-7 GPa)

SEI  15kV WD9mm

Fig. 10. Microstructure (SEM) of the surface of composites after tests for: a) steel + 8% TiB,composite
(SPS process, 1100°C-5 min); b) steel + 8% TiB,composite (SPS process, 1100°C-30 min)

It was observed for all composites, that the oxide layers are not uniform as they
contain local cracks (Figs 10b and 11b). The observed layers show different morphol-
ogy. In the case of composites sintered by the SPS method in a temperature of 1100°C,
oxides are observed in the form of fine crystallites with well-developed lateral surfaces
(e.g., Fig. 11a).
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50um

Fig. 11. Microstructure (SEM) of the surface of composites after tests for: a) steel + 8% TiB,+ 1% B
composite (SPS process, 1100°C-5 min); b) steel + 8% TiB,+ 1% B composite (SPS process, 1100°C-30 min)
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Fig. 12. (a-b) microstructure (SEM) of the surface of composites after tests for steel+8%TiB, composite
(HP-HT process, 1300°C-7 GPa); (c—d) EDS of point analysis
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On the other hand, the oxide layers have a more-developed spongy form with cracks
in composites sintered by the SPS method for 30 min (Figs 10b, 11b). The characteristic
feature in composites sintered with the HP-HT method is the formation of additional
iron oxides with a shape of comparatively large flakes emerging above normal oxide lay-
er (steel-8%TiB, composite, Fig. 9a). In the case of composite steel-8% TiB,-1%B, finer
flakes of the oxide phase are observed. EDS analysis (Figs 12, 13) of the chemical com-
position of the phases confirm that flakes are indeed iron oxides. However, proper iden-
tification of the form requires a more-precise chemical analysis (which is planned to be
done in the next stage of our studies).

a) b)

R TREOG R . £ 4
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Fig. 13. (a-b) microstructure (SEM) of the surface of composites after tests for steel + 8% TiB,+ 1% B
composite (HP-HT process, 1300°C-7 GPa); (c-d) EDS of point analysis

4, Conclusions

The conducted thermal analysis showed an increase of mass as a function of time at
a constant temperature of 1100°C for all of the studied composite materials. This indi-
cates oxidation of the composite surface during experiments conducted in air. A different
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mass gain with respect to the applied sintering method and conditions of the sintering
process was observed. In the case of composites sintered by the SPS method, a DTA curve
exhibited peaks characteristic of exothermic reactions.

Microstructural observations showed the formation of an oxide layer on the surface
of the composites characterized by different morphology with local cracks.
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