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Abstract
Nickel-based superalloys are an important group of advanced engineering materials used for high-temperature and/or corro-
sive environments. Lately, in order to improve their mechanical properties, carbide reinforcement is added to a metal matrix, 
creating composites of improved hardness, shear resistance, or tensile resistance. In order to preserve the wide applicability 
of those materials, thermal properties, and corrosion resistance must also be evaluated. Presented research evaluated the 
thermal properties of Inconel 625—(Ti,Zr)C0.85 composites obtained at 1000 °C by spark plasma sintering process. Sin-
ters containing 5–20 mass% of carbide phases were initially characterized in terms of their density, phase composition, and 
microstructure. A thorough examination of their thermal properties included: dilatometry, laser flash analysis, and differential 
scanning calorimetry. Conducted experiments revealed that a growing amount of carbide reinforcement decreased the thermal 
diffusivity and conductivity of samples. Other materials had a nonlinear correlation with that parameter. Performed analysis 
allowed to make an initial evaluation of oxidation resistance at 800 °C. It was shown that above 5 mass% addition of (Ti,Zr)
C0.85 there is a considerable mass gain change shown by samples during the first hour of oxidation before passive layers 
were created. Suitable chemical reactions were predicted in order to describe the oxidation process of obtained composites.

Keywords Inconel 625 · Titanium-zirconium carbide · SPS · Microstructure · Corrosion resistance · Thermomechanical 
properties

Introduction

Ni-based superalloys have wide applications, such as ship-
board, aerospace, and automotive components [1–4]. They 
are typically used in chemically aggressive high-tempera-
ture environments [5–7], where they stand out in terms of 
tensile strength properties and creep resistance [4, 8, 9]. 
To achieve progress in mentioned technologies, hardness, 
wear, and creep resistance together with thermal stability 
at elevated temperatures are to be improved. In order to do 
that, metal matrix composites utilizing them as base mate-
rial were introduced. High hardness and good and in many 
cases excellent wettability of many carbides, makes them a 
considerable choice for such systems [10–13].

In order to improve the mechanical properties of Inconel 
625 the ceramic phases such as carbides and diborides of 
transition metals are used. In the case of carbides, NbC, WC, 
SiC, and TiC were so far used to a considerable degree of 
success [14–17], while in the case of borides, it was solely 
 TiB2 [18]. However, except for better mechanical properties, 
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it is important to consider the thermal and chemical proper-
ties of described composites. Oxidation resistance and ther-
mal expansion coefficient are the main factors of working 
temperatures and depend on ceramic phase concentration 
in manufactured materials. That is why there is a growing 
number of publications concerning both properties [12, 19].

Up-to-date research has shown a considerable risk of 
carbide dissolution in metal matrix and/or creation of 
undesired, topologically close-packed (TCP) phases in the 
microstructure of obtained composites. To prevent this from 
happening, two different approaches can be applied. The 
first one assumes using production methods that are highly 
controllable in terms of parameters. Thus reaction bed is not 
reaching the temperature that results in ceramic particles 
dissolution. Laser-based additive manufacturing is a good 
example of a valid technology [20, 21]. The other approach 
assumes high-temperature grow with a relatively short pro-
cessing time. This prevents excessive interaction between 
both phases. Spark plasma sintering (SPS) is an exemplary 
method [22]. Both technologies, give the possibility to pro-
cess the materials with a speed from 1.5°Cs−1 to 1000°Cs−1 
[23, 24]. Such rapid processes allow carbides to prevail in 
the metal matrix. Materials obtained in this way typically 
possess improved hardness or microhardness, when com-
pared to their base alloys.

With that being said, there is a recurring issue of laser 
processing regarding advanced materials. Successively built-
up layers thermally modify deeper ones and lead to the solu-
bility of fine transition metal carbides. Therefore, each layer 
will have different properties. This tendency is true for both 
composites and alloys [25]. On the other hand, sintering 
techniques allow using high heating rates and high pressures 
across the whole material. The problem in this situation is 
that the sintering temperature of carbide particles is higher 
than the Inconel phase. In most cases, it exceeds the melting 
temperature of the metal. Our research experience shows 
that this problem can be solved by the hot rolling process 
following spark plasma sintering [17].

The aim of this study was to obtain (Ti,Zr)C0.85 -rein-
forced Inconel 625 by spark plasma sintering as a production 
method, evaluate its phase composition with microstructure, 
and verify its applicability by comparison of thermal prop-
erties and oxidation resistance to a base superalloy. Mixed 
carbides, containing Ti, Ta, V, Hf, and other transition met-
als, show higher hardness than binary system carbides [26]. 
Some of them have full solubility of constituent carbides but 
at lower temperatures, their immiscibility appears. Such a 
situation happens also in the case of (Ti,Zr)C phase [26, 27]. 
On the one hand (Ti,Zr)C can be metastable and unstable 
depending on temperature decomposing to TiC and ZrC. On 
the other hand, the initial stages of phase separation around 
1300 °C can lead to improvement of the material hardness. 
Therefore, such material decomposition can be used for the 

enhancement of the coating’s properties. The nanoindenta-
tion studies show that this compound can be in a super hard 
phase [27], and after decomposition will shop lamellar struc-
ture. Such lamellar structure will be composed of Ti-rich and 
Zr-rich (Ti,Zr)C phase. That is why this ceramic material, 
from the structural and mechanical point of view, is worth to 
be introduced into a superalloy metal matrix. To the authors' 
knowledge, there is no data available from introducing such 
a carbide phase into the Inconel matrix, so the presented 
materials are novel in literature.

Material and experimental methods

In order to manufacture composites in Inconel 625—(Ti,Zr)
C0.85 system the following powders were used: commercially 
available, 99.0% purity Inconel 625 EuTroLoy 16625 pow-
der synthesized by Castolin Eutectic (Montreal, Canada) and 
laboratory-made mixed carbide (Ti,Zr)C0.85. The standard 
mass composition, except nickel major element, of nickel 
alloy is as follows: 20–23% Cr, 8–10% Mo, 3.15–3.85% 
Nb, < 1.5% Fe, < 1% Co, 0.3–0.5% Si, 0.2–0.5% Mn, < 0.1% 
Ti, < 0.1% Al, < 0.03% C, bal. Ni. The carbide phase was 
synthesized in the graphite reactor in argon flow from 99.5% 
purity 150 µm Ti metal powder of Goodfellow, 99% purity 
45 µm  ZrH2 (Sigma-Aldrich), and phenol–formaldehyde 
resin type Novolak of Sarzyna at 1600 °C. The laboratory-
made powder was characterized by phase composition 
(X-ray Empyrean diffractometer of PANalitycal, Almelo, 
The Netherlands), helium density (gas pycnometer Accu-
Pyc II 1340 of Micromeritics, Norcross, USA), morphol-
ogy (PHENOM XL of ThermoFisher Scientific) and grain 
size distribution (Mastersizer 2000 equipped with appara-
tus attachment Hydro 2000S of Malvern Instruments, Eind-
hoven, Netherlands). Obtained titanium zirconium carbide 
solid solution had 5.654  gcm−3 helium density and was char-
acterized by the grain size distribution of d(0.1) = 0.44 µm, 
d(0.5) = 1.50 µm and d(0.9) = 4.19 µm. (Ti,Zr)C0.85 morphol-
ogy is presented in Fig. 1. XRD phase analysis, presented 
in Fig. 4 shows the diffraction pattern of synthesized tita-
nium zirconium mixed carbide. The phase diffractogram 
was wide, shifted, and contained asymmetric peaks. Wide 
peaks indicate fine crystalline-size powder and confirm 
microscopic observations in Fig. 1. Asymmetric peaks are 
related to some material decomposition to Ti-rich and Zr-
rich carbides with improved hardness [26, 27].

The powders of Inconel and 5, 10, 15, and 20 mass% 
of prepared carbide were mixed together with 0.5 mass% 
dextrin additive as a granulation aid. This process was made 
first in dry conditions, in the rotary mill with the use of 
iron balls for 24 h. Afterward, the water was added to dis-
solve dextrin. The powder set and dextrin were manually 
mixed in a mortar. After drying the powder with dextrin 
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was granulated in a 125 µm sieve and dried to remove water 
totally. The morphology of such granulates was observed 
by scanning electron microscopy (SEM of PHENOM XL of 
ThermoFisher Scientific) and is presented in Fig. 2.

The prepared granulate powders were subjected to a sin-
tering process by laboratory-made spark plasma sintering 
apparatus. The used die had a 15 mm diameter and material 
mass was calculated to obtain 3 mm thick sinters. Based on 
empiric trials made in temperatures from 950 to 1150 °C, 

made on the pure Inconel not to melt material matrix in com-
posite in further examinations, the optimal one was deter-
mined to equal 1000 °C. Initially it appeared that too high 
temperature led to material melting and flow. The heating 
rate was 100°Cmin−1 and applied pressure was 45 MPa. The 
process was conducted in graphite foil separator between 
graphite elements and the powder. Vacuum was 2∙10−2 mbar 
and dwelling time in sintering temperature equaled 20 min.

The phase composition of manufactured, dense materials 
was characterized by X-ray diffractography (XRD). Their 
density was estimated by the hydrostatic method. Micro-
structure observation of composite sinters was made by opti-
cal microscopy Leica model DM 2500 M (Leica Microsys-
tems CMS GmbH, Mannheim, Germany). To obtain images 
for computer-aided grain size distribution analysis and deter-
mination of ceramic phase volume fraction ImageJ soft-
ware was used [28]. Scanning electron microscopy (SEM) 
examinations of composites’ microstructure with point and 
area (mapping) element distribution analysis were made 
by Scanning Electron Microscopy Nova Nano SEM (FEI, 
Brno, Czech Republic) with Electron Dispersive Analysis 
(EDAX–AMETEK GmbH, Unterschleissheim, Germany). 
It was performed on polished and etched for 10 s in 10% 
 Cr2O3 aqueous solution.

Thermal expansion examinations were made by dilato-
metric measurements using DIL 402C of Netzsch (Ger-
many, Selb). The process was performed in argon flow with 
2°Cmin−1 heating rate. The thermal expansion coefficient 
(physical) and mean thermal expansion coefficient (techni-
cal) were determined. Results of these examinations were 
used to determine density changes in the function of tem-
perature, which are also needed to determine the thermal 
diffusivity, specific heat, and thermal conductivity of the 
materials. Thermal diffusivity was measured by laser flash 
analysis method on LFA 427 of Netzsch (Germany, Selb). 
Measurements were conducted in argon flow and the Cape-
Lehman model was used for calculation. The specific heat 
capacity of SPS-ed series of materials was determined with 
Netzsch Proteus software with the use of a comparative 
method to Inconel 600 reference material. Thermal conduc-
tivity in a function of temperature was calculated by multi-
plication of thermal diffusivity, specific heat capacity, and 
material density.

The obtained materials were also analyzed in terms of 
their oxidation resistance. Three different examinations 
were prepared: dynamic one-cycle DSC-TG measurement, 
dynamic three-cycle DSC-TG measurement, and isother-
mal oxidation process in a tube furnace for 48 h, which 
was established to be an optimal time in last our paper [29]. 
DSC—TG analyses were made by STA 449 F3 Netzsch 
(Germany, Selb) apparatus equipped with Netzsch Proteus 
software. Each measurement was made with 10°Cmin−1 
heating rate to 800 °C temperature in 80 mL·min−1 synthetic 

23% Ti

24% Zr

35% C

8 �m

Fig. 1  Morphology of titanium zirconium mixed carbide

5% 10%

15% 20%

Fig. 2  Morphology of Inconel 625—x mass% (Ti,Zr)C0.85 granu-
lates
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air flow in alumina crucibles. Cooling rate was 40 °C  min−1. 
The same conditions were applied to the three-cycle analy-
sis. For isothermal investigations of material oxidation 
resistance samples were placed into a tube furnace of Czylok 
company and the process was performed at 800 °C, while 
temperature was reached with 10°Cmin−1 heating rate.

Because of preliminary made optical observation and 
recorded inflections on a dilatometric curve, all of the sam-
ples after dilatometric measurements were taken under 
scanning electron microscopy observation. Also after one 
and three oxidation resistance cycles oxidation made by 
the STA analyzer the after-process materials surfaces were 
investigated by SEM/EDS and confocal microscopy. For this 
purpose scanning electron microscopy NOVA NANO SEM 
200 with Energy Dispersive Spectroscopy (EDS) of EDAX 
and confocal microscopy by Olympus Lext OLS4000 were 
made. The confocal microscopy gave the 3D profile of the 
oxidized surface including Ra and Rz roughness parameters 
measured by 10 lines. The selected isothermally 48 h oxi-
dized materials were subjected to a surface analysis. The 
oxides on the material surface were taken to phase analysis 
by the parallel beam at a sliding angle using GID (Grazing 
Incidence Diffraction at Empyrean diffractometer of PANa-
lytical company). In order to confirm the formation of oxide 
phases during the corrosion tests, the Raman spectroscopy 
was made on selected materials in specified places of the 
oxidized surface. For this purpose, the Raman Witec Alpha 
300 M + spectrometer was used.

Results and discussion

Material densification and phase analysis

The SPS obtained composite materials were hydrostati-
cally measured in order to calculate their apparent density, 
which was required for thermal analysis and related density 
calculations. Theoretical density, needed for the determina-
tion of materials densification, was calculated on the base 
of mixture law. The apparent and relative density values are 
presented in Fig. 3.

The density results revealed that materials with up to 10 
mass% can be promising and possess relative density higher 
than 97.5%. To high content of carbide phase, which as a 
pure phase ceramic material can be fully sintered around 
1800 °C, lead to lower density of Inconel matrix compos-
ites and increased concentration of high energetic weak 
boundaries between ceramic grains. The sinters of Inconel 
625—(Ti,Zr)C0.85 materials were taken to phase composition 
analysis using XRD method, and the results are presented 
in Figs. 4 and 5.

Presented XRD results displayed mainly gamma nickel 
phase. It can be seen that peaks of the pure mixed carbide 

phase introduced to the nickel alloy were wide. Therefore, 
particles were fine and disappeared in the composite patterns 
recorded by XRD. Perhaps this could be due to the forma-
tion of a new mixed carbide, which was a solid solution of 
carbon in the metal matrix, or diffusion of some elements 
from Inconel, such as niobium from the Inconel matrix to the 
carbide phase. This allowed to discuss that diffusion takes 
place during the SPS process. Also, peaks of introduced 
carbide can overlap peaks of gamma nickel. In order for 
further evaluation, EDS analysis was made on the sinters 
and was discussed in the further part of this paper. It can 
be visible that the addition of mixed carbide changes peaks 
in the range between 40 and 43 and around 74 of 2theta. 
Peaks of Inconel depending on powder mixture composition 
shift left (for lower addition of carbide) or right (for higher 
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addition of carbide). It was visible in all of the magnified 
peaks (P1-3) and can be a confirmation of partial solubility 
of carbides in the Inconel structure or element diffusion from 
Inconel to the introduced carbides. It can be noted, that in 
the range of 45–50 and 50–75 of 2theta, the additional (not 
of Ni-matrix) peaks were either very small or non-existent. 
In contrast, they occur often with other similar composites 
done by additive manufacturing [30–35]. This indicated that 
the SPS method does not introduce many phases occurring 
in those ranges. When formed by the addition of carbides, 
those phases are typically non-desirable TCP phases.

Structural and microstructural examinations

The SPSed materials were polished and observed by Leica 
DM 2500 M optical microscope. Microstructure images 
were recorded in two material directions (parallel and per-
pendicular to SPS applied force) and afterward taken into 
volume fraction analysis with the use of ImageJ software. 

The analysis was made for 10 images per sample, per each 
direction. Examples of collected images are shown in Fig. 6 
and the results of the analysis are shown in Fig. 7. The black 
areas in Fig. 6 are introduced mixed carbide.

The computer-aided analysis of the volume fraction 
of introduced titanium zirconium mixed carbide revealed 
(Fig. 7) that there is almost no difference between volume 
fractions in different material directions for up to 10 mass% 
introduced carbide. That can be explained by solubility and 
mutual diffusion of elements. In the case of higher addi-
tion of the second hard phase, there is a visible influence of 
applied pressure during the SPS process on volume fraction 
measured in different material directions. For 15 mass% the 
ratio of volume fraction in perpendicular to parallel direction 
was 1.35 and for 20 mass% it was 1.13. It can be noted that 
in the case of higher carbide additive, material properties 
can be slightly different depending on investigated material 
direction. Particle size analysis made on collected images 
confirmed the size of Inconel particles.
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Results of SEM observations of etched materials are illus-
trated in Fig. 8. In order to determine element distribution in 
the manufactured materials point element distribution and 
element distribution mapping by EDS method were made 
and are presented in Figs. 9–11.

The microstructure revealed after etching (Fig. 8) showed 
that there are slightly smaller dendrites with higher ceramic 
phase concentration and light precipitates inside the Inconel 
particle. There was no significant influence of various quan-
tities of added carbide on matrix microstructure but the con-
centration of the white phase was less visible close to the 

border of the ceramic phase. That can be caused by the diffu-
sion of niobium particles from Inconel to the ceramic phase 
(Figs. 10, 11). The example of chemical analysis made on 
the etched sample containing 15 mass% of carbide by EDS 
method showed that particle between matrix grains has dif-
ferent shades of gray. It means they were composed of vari-
ous elements, not only those initially forming (Ti,Zr)C0.85. 
The point element distribution showed that darker areas 
consisted of similar content of zirconium and titanium but 
brighter grains were composed mostly of zirconium. Except 
for such elements, there is also carbon as an element coming 
from the carbide phase and nickel with chromium coming 
from the matrix. Oxygen is a residual element after the mate-
rial etching process. The dark gray phase (p3 in Fig. 9) in the 
Inconel particle had typical composition corresponding to 
the initial Inconel powder. The white places marked by “p4” 
in Fig. 9 were precipitations rich in niobium and carbon. 
There are probably mixed carbides.

In order to confirm that there is still mixed carbide pre-
sent in the matrix, consisting of different elements, mapping 
process EDS on non-etched, polished material surface was 
performed (Figs. 10, 11).

Mappings of element distribution showed that nickel 
and chromium were between Inconel grains in the intro-
duced titanium zirconium carbide zone but in small quanti-
ties and are uniformly distributed. What is very important, 
not noticed during point element analysis is the distribu-
tion of niobium element, which normally was a part of 
precipitations inside Inconel particles. During the SPS 
process, lots of Nb element diffuses from the external 

Fig. 6  Non-etched microstruc-
ture of Inconel 625—(Ti,Zr)
C0.85
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zones of Inconel particles into titanium and zirconium-
rich phases. Looking at element distribution maps in the 
case of 5 and 20 mass% of introduced mixed carbides it 
can be noticed that zirconium-rich grains contain also a 
higher concentration of niobium than in the case of places 
rich in titanium element. The mapping of EDS elements 
confirms the diffusion of niobium from the near-surface 
areas of Inconel particles, so they are coming from origi-
nal niobium precipitations. The EDS analysis confirm also 
multiphase carbide composition between Inconel matrix 

particles so it confirms the lack of (Ti,Zr)C0.85 peaks in 
XRD of manufactured composites.

Thermal analysis of the manufactured composites

After phase, structural and microstructural analysis, obtained 
composites were subjected to dilatometric measurements to 
determine material linear changes. The results of the mean 
thermal expansion coefficient (CTE) were calculated on 
the base of dilatometric recorded data for three different 

5 mass% carbide 15 mass% carbide 15 mass% carbide

10 mass% carbide 20 mass% carbide

100 �m

100 �m

100 �m 20 �m

20 �m100 �m

20 mass% carbide

Fig. 8  Chemically etched microstructure of Inconel 625—(Ti,Zr)C0.85

Fig. 9  Point chemical analysis 
EDS on the example of Inconel 
625—15 mass% (Ti,Zr)C0.85 p1: 9.2% Ni, 5.9% Cr, 32.5% Ti, 36.2% Zr,

9.8% C, 6.4% O

p2: 9.1% Ni, 4.0% Cr, 4.4% Ti, 68.4% Zr,
10.8% C, 3.4% O

p3: 47.3% Ni, 21.3% Cr, 8.1% Mo, 5.1%
Fe, 0.9% Ti, 1.5% Zr, 1.7% C, 4.3% O

p4: 24.8% Ni, 13.3% Cr, 13.7% Mo, 2.1%
Fe, 31.3% Nb, 0.7% Ti, 1.5% Zr, 6.0% C,
6.7% O

20 �m
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temperature ranges. The mean CTE values versus the content 
of introduced mixed carbide are presented in Fig. 12. Inconel 
625 is used mostly for applications with working tempera-
tures up to 650 °C. The mean thermal expansion coefficient 
was around 14.0·10−6  K−1 and it decreased to 11.0·10−6  K−1 
for 20 mass% of used mixed carbide for temperatures ranges 
RT-500 °C. It reached the percolation threshold. Similar 
tendency was revealed for other determined temperature 
ranges. For higher temperature mean CTE value of com-
posites exceeded 17·10−6  K−1. The dilatometric process was 
made with 2 K  min−1 heating rate in argon flow. Such long 

measurement was enough for material to undergo oxidation 
process at temperatures around 550 °C. It was visible by 
maximal increase in mean CTE for 10 mass% of (Ti,Zr)C0.85 
in temperature ranges above 500 °C. For higher mixed car-
bide additives mean CTE goes down even to a value below 
the reference sample which can be connected with carbide 
thermal expansion.

These values of mean thermal expansion coefficient are 
very well confirmed by as received data of percentage rela-
tive linear changes from dilatometric measurement (Fig. 13). 
The samples with 10 and 20 mass% of additives show lower 

Inconel –5 mass% (Ti,Zr)C0.85

ZrNb

10 �m

Ti O

Ni Cr C

Fig. 10  Mapping of element distribution in Inconel 625—5 mass% (Ti,Zr)C0.85 composite

Inconel – 20 mass% (Ti,Zr)C0.85

ZrNb

10 �m

Ti O

Ni Cr C

Fig. 11  Mapping of element distribution in Inconel 625—20 mass% (Ti,Zr)C0.85 composite
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or higher thermal expansion which can be also explained by 
the solubility of transition metal carbides in Ni alloy or dif-
fusion of some elements from Inconel particles to ceramic 
phase (Figs. 4 and 5). Linear changes in material working 
temperature range, so up to 650 °C for most of applications 
are from 0.7 to 1%.

In order to determine the maximal material working tem-
perature the best way is to show the physical alpha curve so 
the first derivative of the thermal expansion curve according 
to the temperature—results are presented in Fig. 14. Results 
showed that this temperature was 500 °C and this process 
lasted up to temperature maximum 600 °C.

The dilatometric thermal expansion data, described ear-
lier in this paper, allowed calculating changes in the material 
density in the function of temperature, which is required 

for thermal conductivity calculations. The density decreases 
versus the content of mixed carbide additive and with an 
increase in temperature. The tendency and slope of density 
changes in the function of temperature were similar for all 
of the samples. The fitted mathematical functions to den-
sity change points on the curve in Fig. 15 are collected in 
Table 1.

The required and direct parameter from laser flash 
analysis made on the Inconel 625—(Ti,Zr)C0.85 compos-
ites is thermal diffusivity and the results are presented in 
Fig. 16. The results of specific heat capacity calculations 
are presented in Fig. 17. Due to heat transport by mostly by 
electrons the thermal diffusivity increases with temperature 
and slows down around 700 °C. The addition of carbide 
decreased thermal diffusivity due to phonon–phonon scat-
tering and phonon-electron scattering. The ceramic fine 
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grains located between Inconel particles, due to the high 
concentration of plat defects (boundaries) and porosity 
between ceramic grains, increase contact resistance related 

to boundaries. Thermal diffusivity decreases with the con-
centration of ceramic phase and with the increase in poros-
ity/decrease in density of composite. The changes’ coarse of 
thermal properties values of composites versus temperature 
had a similar tendency to reference Inconel material. Table 1 
contains mathematical functions fitted to thermal diffusivity 
recorded data. The same table contains thermal conductivity 
fitted functions. Thermal conductivity (Fig. 18) was calcu-
lated by the multiplication of thermal diffusivity, density, 
and specific heat in the function of temperature. Specific 
heat was calculated on the base of the LFA comparative 
method by measurement sample and reference material in 
the same experimental conditions.  

Specific heat capacity in this type of composite strongly 
depends on carbides’ solubility in the metal matrix, and ele-
ments diffusion from the metal to carbide, so in fact matrix 
element change composition was confirmed by XRD peak 
shifts. Thermal conductivity results shown in Fig. 18 indi-
cate that at room temperature only 5% of carbide additive 
allows keeping this parameter on the level of reference mate-
rial. Higher concentrations of introduced ceramic particles 
lead to a strong decrease in thermal conductivity at room 

Table 1  Mathematical function fitting to density and material thermal properties

(Ti,Zr)
C0.85/
mass%

Density/gcm−3 Thermal diffusivity/mm2s−1 Thermal conductivity/Wm−1  K−1

0 ρ = 8.385 − 3.298E-4·T − 4.914E-8·T2 a = exp(0.970 + 0.001·T − 6.381E-7·T2) λ = 9.308 + 0.013·T + 1.42E-5·T2 − 7.04E-9·T3

5 ρ = 8.097 − 2.831E-4·T − 1.050E-7·T2 a = exp(0.971 + 0.001·T − 5.507E-7·T2) λ = 9.459 − 0.016·T + 3.33E-5·T2 − 1.77E-8·T3

10 ρ = 7.826 − 2.680E-4·T − 1.537E-7·T2 a = exp(0.933 + 0.001·T − 2.863E-7·T2) λ = 7.763 + 0.019·T − 4.31E-5·T2 + 5.85E-8·T3

15 ρ = 7.458 − 2.577E-4·T − 9.961E-8·T2 a = exp(0.849 + 0.001·T − 5.986E-7·T2) λ = 7.646 + 0.008·T + 1.55E-5·T2 + 9.62E-9·T3

20 ρ = 7.308 − 1.789E-4·T − 1.136E-7·T2 a = exp(0.824 + 0.001·T − 5.554E-7·T2) λ = 7.469 + 0.015·T − 1.27E-6·T2 + 1.40E-8·T3
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temperature. For higher ceramic phase concentrations this 
parameter increases more linearly but there is a lower slope 
of this change toward Inconel. The increasing addition of 
mixed carbide also significantly decreases thermal conduc-
tivity at elevated temperatures, which can have a significant 
influence in post-SPS processing surface laser treatment. 
Those results are similar to the ones obtained by us for the 
Inconel 625—NbC [36].

Oxidation resistance analysis

The after-dilatometric process samples were taken for micro-
scopic observations to show what happened with the oxide 
layer or during the oxidation process at high temperatures, 
that took place during the measurement process with a low 
heating rate. They were made by electron scanning micros-
copy and are illustrated in Fig. 19. The images taken from 
SEM observations (Fig. 19) show that reference Inconel 625 
forms protecting oxide layer at high temperatures. This layer 
is stable without cracks. The situation changes when mixed 

Fig. 19  Microscopic observa-
tion of Inconel 625—(Ti,Zr)
C0.85 materials after thermal 
expansion measurement in the 
argon flow

0% 5%

10% 15%

15% 20%



7644 P. Rutkowski et al.

1 3

carbide is added to the material—the images of composites 
with 5–15 mass% of the introduced second phase. In high 
temperatures material begins to swell on the border between 
Inconel grains, where are mixed carbide particles. The SEM 
images of the composites’ surface, presented in Fig. 19, 
show that carbide particles located in between Inconel 625 
grains cause the breaking of the passivation layer in higher 
temperatures and further oxidation process. Probably it is 
caused by the difference in the thermal expansion coefficient 
of constituent phases, increase oxide volume during heating 
up, or faster shrinkage of the matrix toward to oxide layer 
during the cooling down step.

As is seen in Fig. 19 with 20 mass% of mixed carbide 
there are exposed not sintered ceramic additive grains, which 
are very fine, with high surface energy, and can easily react 
with oxygen increasing oxidation progress. This material 
behavior is presented and explained by thermal analysis sup-
ported with confocal microscopy. In order to evaluate of 
influence of mixed carbide on Inconel 625 thermal stability 
the DSC-TG analysis was performed in dynamic conditions 
in 1-and 3-cycle measurement processes. The 3 cycle step 
was performed to give information about passive layer sta-
bility in dynamic cyclic conditions. The results of single-
step DSC-TG analysis are illustrated in Figs. 20–25, includ-
ing analysis of pure mixed carbide powder shown in Fig. 25.

Data presented in Fig. 20 show that the addition of mixed 
carbide above 5 mass% strongly increases the kinetics of 
the oxidation process at a temperature above 350 °C which 
was visible on dilatometric measurement even in argon flow 
at 500 °C at low heating rate. The materials with up to 5 
mass% of carbides can be used up to 550–600 °C, so even 
up to working temperatures. Higher additives of mixed car-
bide shift down onset oxidation temperature by 200 °C to 
350 °C. This oxidation step finishes at 600 °C. There is also 
second step from 700 °C which also depends on carbide con-
centration and distribution. Analysis of pure mixed carbide 
powder, presented in Fig. 25, confirm that in composites 
350 °C onset temperature is connected with onset of the car-
bide reaction with oxygen. As can be seen in Fig. 25 this is 
double step oxidation process, which depends on grain size 
distribution, and the reaction is very exothermic. This pro-
cess in the case of pure ceramic powder finishes at 600 °C 
and the drop of the mass is visible above this temperature, 
which can be explained by free carbon oxidation coming. 
This carbon comes from the carbide oxidation process as 
in the case of ZrC in the temperature range 380–600 °C, 
which was explained by Gasparrini [37] and Eqs. (1) and (2). 
This decrease in carbide mass above 600 °C is a confirma-
tion of the same effect shown in the case of composites in 
Fig. 20. Roma [38] confirmed oxidation onset temperature 

and diffusion of oxygen through the formation of the inter-
mediate layer of metal oxycarbide.

Gasparrini claims that residual carbon leaves the mate-
rial as CO or  CO2. This confirms a mass decrease in all of 
the recorded thermogravimetric curves at higher tempera-
tures. The second increase of composite mass during the 
oxidation process can be attributed to carbide or Inconel 
corrosion in deeper layers of the materials especially when 
cracks in the oxide layer are generated.

This behavior of the material and the kinetics are well 
presented by 1st derivative of thermogravimetric measure-
ments (Fig. 21). First derivative strongly divides oxida-
tion into two steps and its value rapidly increases with 
mixed carbide concentration. The mass change, illustrated 
in Fig. 24 shows the “S” shape of the curve, so oxidation 
slows down for very high carbide concentrations. It is also 
confirmed by calculated reaction heat which has the high-
est increase rate for 15 mass% of carbide (Fig. 23). This 
is also well visible and confirmed by DSC measurements 
(Fig. 22). The partial explanation or confirmation can be 
done by confocal microscopy analysis shown in the next 
part of the paper and by 3 cycles of this process curried 
by DSC/TG analysis. The three-step oxidation measure-
ment is presented in Fig. 26. The results presented on 
multicycle measurement confirmed that heating and cool-
ing down steps do not cause cracks and further material 
oxidation for samples with up to 5 mass% of carbides. A 
slight increase in the oxide layer was recorded for a high 
concentration of introduced phases in the second cycle.

Samples, after single and triple-step oxidation analysis, 
were subjected to confocal microscopy analysis which gave 
3D images of the oxidized surface and recorded profile with 
Ra and Rz material roughness parameters. Images of the 
material surface are presented in Figs. 27–30 on the example 
of 5 and 20 mass% of introduced carbide. The roughness 
parameters measured by the use of 10 lines on the analysis 
material area are presented in Fig. 31.

The confocal microscopy showed that average material 
roughness Ra is similar for 0 and 5 mass% of mixed car-
bide additive. It is almost no difference or small negligi-
ble decrease of Rz (Mean roughness depth) roughness for 
5 mass% in comparison with reference material—which is 
visible in Fig. 31 in the case of roughness parameters. It 
changes strongly for 10 mass% of carbide concentration. Ra 

(1)ZrC +
1

2
(1 − x)O2 → ZrCxO1−x + (1 − x)C

(2)ZrCxO1−x +
1

2
(1 + 3x)O2 → ZrO2 + xCO2
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and Rz increase after 3 cycles, which can be associated with 
oxide surface cracking (oxide layer swelling) and opening 
path for oxygen diffusion. The formed oxide layer can crack 
during the heating up and cooling downs process steps as 
a result of thermal expansion mismatch of oxide and sub-
strate or as the increase of oxide volume in areas between 
Inconel grains. For 15 and 20 mass% of added ceramic phase 
the difference between 1 and 3 oxidation cycles decreases 
for both roughness parameters. For 20% values of the intro-
duced ceramic phase, the material’s surface profile is slightly 
lower than for 15%. Such rapid and deep oxidation can be 
connected with porosity, oxide layer cracking, and high sur-
face energy of not densified/sintered ceramic phase. It is 
also well visible after surface 3D image analysis made by 
confocal microscopy. Figures 27 and 28 show almost simi-
lar surfaces after 1 and 3 cycles in the case of 5 mass% of 

added carbide. In case of high 20 mass% concentration of 
introduced ceramic particles there is a noticeable increase 
in undulations of the material surface, which results in high 
Ra value—Fig. 30 and 31.

The oxidized surfaces were taken to SEM microscopy in 
order to complete information concerning the Inconel sur-
face and ceramic phase, which cannot be determined by a 
confocal microscope. The results of surface observations are 
presented in Figs. 32, 33.

In the case of 5 mass% of introduced carbide, presented 
in Fig. 32, during the oxidation process, as in comparison 
with dilatometric measurement, the sample shows similar 
behavior to the Inconel matrix. After the first cycle there are 
small corrosion less resistant places on the boundaries or in 
the niobium-based precipitates (marked by arrow)—so such 
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content of added carbide to the material is a limiting value 
for material application mechanical and corrosive applica-
tions. To keep that material behavior, ceramic particles must 
be well distributed in the Inconel matrix. In the case of 20 
mass% of carbide additive, there is a lot of mixed carbide 
particles on the boundaries and in the triple point (Figs. 32 
and 33). In accordance with SEM/EDS analysis mixed car-
bides or carbides after the SPS process contain also niobium, 
nickel, and chromium (Figs. 10 and 11). With accordance 
to Figs. 22 and 23 there I a very strong exothermic and fast 
reaction of particles with oxygen which results in volume 
material changes, cracking connected with a molar volume 
smaller in comparison with amorphous oxide before crys-
tallization, stresses generation, and finally lower oxidation 
resistance. The third cycle of heating up and cooling down 

shows further corrosion of the carbide material and larger 
paths/possibilities of oxygen diffusion. It is not such strong 
as in the 1-cycle process due to the decreasing content of the 
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residual carbide reactant or the formation of different oxides. 
It is well visible in Fig. 31 showing roughness parameter 
values. The point EDS analysis shown in Fig. 33 indicates 

two types of oxides: containing mostly Ni and Cr elements 
(dark places—point 1) and composed of Ti and Zr elements 
(bright places—point 2). In the matrix, there were recog-
nized gray places containing mostly 70% Ni and 20% Cr, 
which is typical for pure Inconel, and brighter ones con-
nected with additional precipitates of Zr element. In this 
composite, a larger amount of oxygen in the case of Ti-and 
Zr-rich places in the material, which indicates on high mate-
rial affinity to the oxygen, and what is naturally connected 
with a high surface energy of fine carbide phase microstruc-
ture (SEM image in Figs. 10 and 11).

All of the prepared samples were also taken into an 
extended time isothermal oxidation process, which took 
48 h. Results and comparison of material mass gain after 
isothermal and dynamic oxidation processes are illustrated 
in Fig. 34. Obtained data show that most of the oxide is 
formed during a short time approximately 80 min after the 
first dynamic corrosion cycle. Afterward the process slows 
down and small difference between 1 and 3 cycles like in the 
case of the difference between 3rd cycle and 48 h oxidation 
time. The oxidation mechanism of added carbides might be 
contrary to those indicated in [39] as mass gain increases in 
relation to the amount of carbide addition is increasing. It 
was similar to our previous study regarding composites [29], 
and it indicates that up to 10 mass% of added carbide rein-
forcement, it is competitive to pure 625 superalloys obtained 
in additive manufacturing processing [40, 41].

In order to recognize what can be formed during oxida-
tion process of Inconel 625—(Ti,Zr)C0.85 composites the 
phase composition of oxide layer after 48 h of the process 
was determined by Grazing Incidence of Diffraction (GID), 
what is illustrated in Fig. 35.

The XRD/GID analysis data presented in Fig. 35 con-
firmed formation of various oxide compounds on the nickel 
alloy surface as an effect of long time oxidation process. On 
our analysis we found zirconia and titanium based oxides, 
nickel chromite and chromium titanate. Chromium titanate 
plays a role similar to  CrNbO4. It will be formed during 
material corrosion process [29]. The  CrNbO4 will also be 
formed in case of niobium precipitation in matrix due to 
reaction no. 3 or in the area of introduced mixed carbide 
phase.

The examples of metal matrix composites with intro-
duced 5 and 15 mass% of titanium zirconium mixed carbide 
confirmed the formation of nickel chromite presented on 
diffractograms in Fig. 35, what is the standard spinel reac-
tion product during the Inconel oxidation process [36, 42]. 
Such oxidation process begins at around 800 °C depending 
on Inconel type (for Inconel 625 it is 767 °C), which can 
partially explain second increase of material mass recorded 

(3)Cr2O3 + Nb2O5 → 2CrNbO4
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during DSC/TG analysis (Fig. 15) [40]. Staszewska explains 
[43], that Inconel oxidation is an electrochemical process 
and starts from chromium atom with oxygen reaction form-
ing stable layer on the substrate surface. Then also niobium 
oxide is formed and both of the oxides play the role of elec-
trolyte. The external layer of the oxidized material surface 
becomes a cathode and metal coming from Inconel is the 

anode. In that way, chromium oxide in a solid state reacts 
with nickel oxide forming  NiCr2O4 spinel—reaction no. 4.

In the case of manufactured composites the follow-
ing oxide phases were also recorded during XRD analy-
sis (Fig. 35): zirconia, zirconium titanate and chromium 

(4)Cr2O3 + NiO → NiCr2O4

Fig. 32  SEM/EDS analysis of 
Inconel 625 based composite 
with 5 and 20 mass% of added 
(Ti,Zr)C0.85 after first oxida-
tion cycle in dynamic condi-
tions
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Fig. 33  SEM/EDS analysis of 
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with 20 mass% of added (Ti,Zr)
C0.85 after third oxidation cycle 
in dynamic conditions

1 – 54.5% Ni, 26.6%Cr, 3.6%Zr,

20% –3 cycles

1.8%Ti, 4.2% Fe,8.1% O, 1.1%C
2 – 11.0% Ni, 5.9%Cr, 48.7%Zr,
13.2%Ti, 1.7% Fe, 16.1% O, 3.6%C
3 – 70.7% Ni, 20.1%Cr, 0.7%Zr,
0.0%Ti, 4.8% Fe, 2.9% O, 0.9%C
4 – 64.5% Ni, 23.7%Cr, 2.5%Zr,
0.0%Ti, 4.2% Fe, 4.5% O, 0.6%C HV

18.0 kV
HFW

284 µm
det

BSED
WD

5.5 mm
mag

1000 ×
100 mm

WIMiC-KCiMO



7649Thermal properties of spark plasma sintered Inconel 625 modified by titanium zirconium mixed…

1 3

titanate. Budkiewicz [44] mentioned that Shimada and 
Kozeki proposed the following reaction stages and equa-
tions of oxidation of transition metal carbides:

and at second stage:

(5)First stage ∶ MeC +
3

2
xO2 → MeC1−xOx + xCO2

(6)MeC1−xOx +

(

1 −
x

2

)

O2 → MeO2 + (1 − x)C

Such layer of oxide at the beginning is amorphous and 
after crystallization it becomes porous due to the difference 
between molar volume. It can explain material cracking and 
formation of oxygen diffusion path during mixed transition 
carbides corrosion (SEM images in Figs. 32 and 33). In the 
last step  CO2 is produced. In case of isothermal process 
there are only 2 stages—first has parabolic character and 
second linear kinetic behavior after formation of all layers of 
oxides. This stage is explained by oxygen diffusion through 
external to internal oxide layer. In his research, Budkiewicz 
shows that oxidation of fine titanium carbide starts at about 
300 °C and can be move for high heating rate to 400 °C what 
confirms or DSC/TG analysis of carbide powder. In case 
of dense carbide ceramic (hot pressed) oxidation can start 
at higher temperatures about 700–800 °C as in the case of 
titanium carbide [45].

The XRD/GID analysis showed also the formation of 
chromium titanite. This phase recognized on the diffraction 
pattern (Fig. 35) was described by Niemayer [46] and is 
formed according to the following reaction:

In order to confirm XRD analysis of oxidized layer we 
performed Raman spectroscopy analysis on the oxidized 
Inconel 625 matrix and composite containing 20 mass% of 
ceramic phase. The results of the measurement are presented 
in Figs. 36 and 37.

Results (Fig. 36) confirmed the formation of chromium 
oxide and nickel chromate as a reaction of Inconel con-
stituent elements with oxygen, which was also confirmed 
by other papers [36, 42]. Raman spectroscopy analysis of 
the ceramic phase, present between Inconel 625 grains, 
indicated the formation of tetragonal zirconia and zirconia 
titanate  (ZrTiO4). The formation of these phases is con-
sistent with XRD analysis (Fig. 37, point 5). The Raman 
spectroscopy also revealed the existence of titania  (TiO2) 
and niobium oxide. Titania is a result of the oxidation of 
introduced titanium zirconium carbide. Niobium oxide was 
detected in the area between Inconel grains because of nio-
bium diffusion during the SPS process, which was confirmed 
by EDS mapping analysis (Figs. 10 and 11). The Raman 
shifts were described and confirmed by literature [47–52]. 
The peak of  ZrTiO4 is slightly bent on its right side, which 
can be explained by the non-stoichiometric character of such 
a compound. Such oxides can be also recognized by the XPS 
method [53, 54] which will be performed by us in future 
oxidation experiment in case of carbides introduced to the 
metal matrix.

(7)
(

1 −
x

2

)

Cr2O3 + xTiO2 = Cr2−xTixO3
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Conclusions

• Only samples with up to 5 mass% can be used as material 
mechanical reinforcement without a remarkable decrease 
in oxidation resistance.

• Above 5 mass% of introduced carbides oxidation process 
begins to be rapid and there are visible significant mass 
gains. The onset temperature of the process moves from 
550 to 350 °C.

• Cracking of the passive oxide layer can be made because 
of thermal expansion coefficients differences of material 
constituent phases, different volumes of various oxides 
formed during the oxidation process, the different molar 
volumes of crystalized oxides toward to amorphous oxide 
layer, and initial carbide.

• The value of thermal diffusivity and thermal conductiv-
ity decreases at room and elevated temperatures with 
increasing content of introduced mixed carbides and 
densification changes.

• For all composite materials, thermal properties (heat 
transfer) increases in function of temperature.

• Specific heat strongly depends on material composition 
and carbide solubility in the metal matrix and element 
diffusion.

• Zirconium coming from mixed carbides can be mostly 
responsible for worse resistance to oxidation of manu-
factured composites.

• From our experience oxidation resistance can be 
improved by the hot rolling process, which will be the 
next step in our research.
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