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Abstract: During the hot pressing of pure titanium and different carbon steels in a temperature
range of ϑ = 950–1050 ◦C, a compound layer up to dL ≈ 10 µm thick is formed at the titanium–steel
interface. With a higher carbon content of the used steel, the layer thickness increases. The carbon
concentration within the layer is in the range of stoichiometry for TiC. Apart from TiC, no other
phases can be detected by X-ray diffraction (XRD) measurements inside the formed layer. The
calculation of the activation energy for the TiC layer formation is Q = 126.5–136.7 kJ mol−1 and is
independent of the carbon content of the steel. The resulting microstructure has a grain size gradient,
wherein the mechanical properties, such as hardness and Young‘s modulus, are almost constant.
Statistical analysis using Response Surface Methodology (RSM) indicates that the carbon content of
the steel has the most significant influence on layer thickness, followed by annealing temperature and
annealing time. By selecting the appropriate carbon steel and the subsequent removal of the steel, it
is possible to produce targeted TiC layers on titanium substrates, which holds enormous potential for
this material in wear-intensive applications.

Keywords: TiC; hot pressing; layer growth kinetics; electron backscatter diffraction; X-ray diffraction;
glow discharge optical emission spectroscopy; nanoindentation

1. Introduction

Titanium and its alloys are widely used due to their excellent strength-to-weight
ratio and high corrosion resistance. In addition to their suitability for aerospace, military,
microelectronics, and chemical engineering applications, titanium and its alloys are also
utilized as implant materials in medicine because of their outstanding biocompatibility [1,2].
However, their performance in high-friction loading applications is limited by low surface
hardness and poor wear properties [3].

Various surface treatments have been explored for enhancing the tribological proper-
ties of titanium and its alloys. Surface modification techniques, such as physical deposition
methods like ion implantation and plasma spray layer, as well as thermochemical surface
treatments, like nitriding and carburization, have been utilized to improve the surface hard-
ness of titanium alloys [4]. In these cases, small atoms like C or N diffuse into the surface,
forming intermetallic phases or non-stoichiometric structures [5] once their solubility in
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titanium is exceeded. These atoms can be introduced by a solid-state diffusion process such
as diffusion bonding or hot pressing.

Hot pressing is a process where two substrates are pressed together and heated to a
specified temperature for a certain period of time. During this process, different elements
can diffuse into the titanium substrate, forming intermetallic phases. When carbon steel is
used, C atoms, due to their smaller atomic radius, diffuse more rapily than other atoms.
Given the low solubility of C in Ti, approximately 1.6 at.-% in α-Ti and 0.6 at.-% in β-Ti,
titanium carbide particles form almost immediately [6]. The growth and bonding of these
TiC particles result in the formation of a continuous TiC layer at the titanium–steel interface.
By subsequently removing the carbon steel and exposing the TiC surface, hot pressing
demonstrates significant potential as a method for producing a hard TiC layer on the
surface of titanium and its alloys [7].

Li et al. [8] investigated the effect of grain orientation on the growth of compounds
at the diffusion-bonded titanium–steel interface using medium-carbon steel (MC-Steel,
0.45 wt.-% C). At moderate temperatures (up to ϑ = 850 ◦C), a maximum layer thickness
of about dL = 1.6 µm has been achieved after a holding time of th = 16 h. Zhao et al. [9]
achieved a TiC layer thickness of up to 23 µm using nodular cast iron (3.7 wt.-% C) as a
carbon source. In a preliminary study, a graded microstructure was observed using EBSD
analysis [10].

Yu et al. [11] investigated the influence of carbon content on the diffusion bonding
of steel to titanium. They found that the layer at the interface increases with a higher
carbon content of the steel. Using low-carbon steel (LC-Steel, 0.14 wt.-% C), the layer
formed included TiC, FeTi, and Fe2Ti. In contrast, when medium-carbon steel (MC-Steel,
0.43 wt.-% C) was used, only TiC was detected. In addition, Momono et al. [12] were also
able to show that the use of cast iron prevents the formation of Fe-Ti compounds. The
complete formation of the TiC layer effectively prevented the diffusion of Fe and Ti, thereby
inhibiting the further formation of Fe-Ti compounds. These experiments demonstrate the
potential for creating a TiC layer at the titanium–steel interface by hot pressing.

Zhao et al. [7] conducted a study examining the influence of the carbon source by
utilizing both gray cast iron and bulk graphite. However, they were only able to generate a
non-uniform and porous layer with significantly lower hardness, measuring 900 HV0.05,
when bulk graphite was used as carbon source, compared to 2400 HV0.05 when gray cast
iron was used. Similarly, Hayashi et al. [13] reported the formation of TiC layers on titanium
through heat treatment with graphite powders using the spark plasma sintering method.
The difference between the results shown previously relates to the bonding of the carbon
atoms. In steel, the carbon is available as an interstitial atom, whereas, in bulk graphite, it
is found in C-C bonds. This C-C bond must be broken before diffusion. As soon as this
bonding is broken, carbon is available in high concentrations, which leads to a violent
reaction with Ti, resulting in a porous layer [14]. Porous layers resulting from this violent
reaction have been observed in various studies [15,16]. This porous structure is the cause
of poor layer adhesion or spalling observed in these experiments. Another reason for
achieving a slow diffusion is the change in volume caused by the formation of TiC. The
reaction of two elementary cells of titanium (four atoms Ti) with one elementary cell of
graphite (four atoms C) produces one elementary cell of TiC, containing four compounds
TiC. The difference between the theoretical and real unit cell size leads to a volume
shrinkage of 23.5%. This can be shown by the elementary cell equation [10]. This change in
volume can lead to defects in the layer. With slow diffusion, the resulting stresses are less
likely to occur. By selecting different steels with different carbon concentrations, the carbon
available for TiC formation can be limited. A local layer can also be applied due to the local
contact between steel and titanium.

These experiments demonstrate the potential for producing a TiC layer at the titanium–
steel interface by hot pressing. However, the influence of the carbon content in hypereutec-
toid and hypoeutectoid steels as starting material for hot pressing and the direct influence
on the layer formation are not sufficiently described. Therefore, it is important to ensure
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that carbon is dissolved interstitially and the steel contains almost no other alloying ele-
ments that could hinder the diffusion of carbon. The aim of this study is to investigate the
influence of carbon content on the layer growth, the microstructure, the phase composition,
and the mechanical properties of the formed layer at the titanium–steel interface during
hot pressing. In a temperature range of ϑ = 950–1050 ◦C (Ti only containing β-phase and
steel only containing γ-phase), the influence of carbon content is determined using optical
light microscopy, electron backscatter diffraction (EBSD), glow discharge optical emission
spectroscopy (GDOES), X-ray diffraction (XRD), and nanoindentation. A detailed material
analysis is carried out on the titanium–steel interface layer produced by hot pressing using
a number of different carbon steels as starting materials.

2. Materials and Methods

Pure titanium grade 2 and carbon steels with different compositions were utilized
as starting materials. The chemical compositions can be seen in Table 1. The size of the
samples was 10 × 15 mm with a thickness of 2 mm. The interfaces of the samples were
ground up to 2500# SiC abrasive paper and subsequently cleaned in ethanol. The specimens
were pressed together using a clamping device [10], achieving an initial pressure of 50 MPa.
This pressure was intended solely for initial contact. The pressure drops to a minimum of
less than 1 MPa during the process, preventing a plastic deformation due to creep during
annealing [17]. He et al. [18] have demonstrated in their studies that contact pressure does
not affect the layer thickness. The specimens were then annealed at different temperatures
(ϑ = 950–1050 ◦C) with a heating rate of 20 K min−1. To prevent oxidation, inert argon
gas (purity 4.6) was used. After a varying 2–8 h holding period, the samples were cooled
to room temperature in the furnace within approx. 1.5 h. For metallographic analysis,
a multi-step etching process was performed to detect different sections [10]. In order to
determine the influence of the individual process parameters (annealing time, annealing
temperature, and carbon content) on layer formation, an analysis of variance (ANOVA)
of the response surface methodology (RSM) experimental design is used. As the normal
distribution (Anderson–Darling Test) of the residuals and the equality of the variances
(Bartlett´s Test) are essential conditions for the interpretation [19], these are also checked as
part of the ANOVA. The analysis of the data is carried out using the software Minitab 18
(Minitab. Inc., PA, USA).

Table 1. Chemical composition of the raw materials in wt.-%.

Materials C Mn Si P S Cr Ni Mo O N Ti Fe

MC-Steel 1 0.454 0.732 0.236 0.038 0.038 0.026 0.016 0.002 - - - Bal.
MC-Steel 2 0.673 0.663 0.245 0.016 0.017 0.183 0.038 0.005 - - - Bal.
HC-Steel 0.993 0.463 0.259 0.015 0.021 0.203 0.039 0.023 - - - Bal.
UHC-Steel 1.153 0.611 0.091 0.015 0.002 0.088 0.012 0.011 - - - Bal.
Ti cp.2 0.059 - - - - - - - 0.09 0.03 Bal. 0.1

A Bruker Davinci diffractometer, Cu-Kα radiation, in Bragg–Brentano arrangement
with variable optics and semiconductor strip detector LynXEye with 192 lines and goniome-
ter radius r = 420 mm, was used. In the case of the semiconductor detector, the use of a
metal filter is not necessary because of the high energy discrimination of E = 380 eV. In
order to keep the irradiated areas relatively small, a 1 mm double aperture (snout) was
used. Diffractograms were analyzed using Bruker’s Diffrac-Eva V5.2 software and ICCD’s
PDF4 file [20,21]. For the X-ray analysis, the carbon steel must be removed. Therefore, the
sample was exposed to citric acid (40 %) at ϑ = 60 ◦C. An iron citrate complex is formed
between the iron and the citric acid, resulting in the complete removal of the steel while
the titanium remains undissolved. The chemical resistance of titanium against citric acid is
well-documented, with a corrosion rate (cr) less than cr = 0.01 mpy [22]. The exposed TiC
layer is defect-free with a mean surface roughness value of Sa = 0.15 µm, as proven by laser
scanning microscopy.
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The GDOES investigations were carried out with a GDA 750 spectrometer from
Spectruma Analytik. This spectrometer is equipped with a glow discharge source, whose
geometry is based on a measuring arrangement according to Grimm [23]. The cathode
diameter is ∅ = 2.5 mm. The depth profiles were measured in direct current (DC) mode.
For the measurements, different photomultipliers with varying transmission properties in
the window were used due to the different wavelengths of the emission lines. The process
parameters were U = 1200 V and I = 13 mA [10].

A Tescan Mira field emission scanning electron microscope (SEM) was used to perform
the microstructure analysis. Therefore the cross-sections were ground up to 2500# SiC
abrasive paper and final polished with colloidal silica (0.03 µm). Grain orientation and
texture were determined via the EBSD technique using a Velocity Pro detector from EDAX
AMETEK. The SEM operated at U = 20 keV and I = 1 nA current during EBSD analysis, with
a sample tilt angle of 70◦ and a working distance of WD = 15 mm. For TiC, the structure
data from the ICDD’s PDF4 database (PDF 00-032-1383) were used for pattern identification
and indexing in EBSD measurements and evaluation. EBSD raw data were processed using
commercially available ATEX software (http://www.atex-software.eu/) [24]. For EBSD
cleanup, a grain dilation with a minimum grain area of 10 points and a grain tolerance
angle of 5◦ was performed. Finally, with a grain size filter (tolerance angle 5◦), all grains
smaller than 5 points were removed.

Nanoindentation experiments were performed in situ using a NanoFlip InForce 50
nanoindenter (Nanomechanics Inc., Oak Ridge, TN, USA). The objective of the nanoin-
dentation testing was to evaluate the hardness, Young‘s modulus, and plasticity of the
formed TiC layer. A Berkovich-type indentation tip was used for the testing. The entire
nanoindentation setup was assembled inside the TESCAN Clara SEM prior to testing. Prior
to the indentation experiment, a thermal drift rate below 0.010 nm s−1 was set to allow
thermal equilibrium between the sample and the indenter. Given that the tip is diamond
with a Young’s modulus Ei = 1050 GPa and Poisson’s ratio vi = 0.104, the Young’s modulus
E of titanium carbide can be calculated via the Oliver–Pharr method [25] using v = 0.185
for titanium carbide [26,27]. In addition to hardness and Young’s modulus, the percentage
of elastic recovery during unloading is determined. This is calculated using the ratio of
elastic deformation to the maximum penetration depth of the indenter [28–31]. Single and
multiple indentation tests were performed within the TiC layer using a maximum force of
F = 50 mN and a constant strain rate of ϵ = 0.002 s−1. The measurement data were evaluated
using the InView Review Data software 1.1. The Nanoblitz 3D method available in the
InView software was used for the indentation mapping.

3. Results and Discussion

Optical microscope (OM) images show the growth of the compound layer close to
the titanium–steel interface (see Figure 1). This layer was produced using an annealing
time of th = 4 h and a process temperature of ϑ = 1000 ◦C. It is noticeable that the layer
thickness increases as the carbon content of the applied steel becomes higher, which has
also been proven by Momono et al. [12] using stainless steel and cast iron. As the carbon
concentration increases, the carbon atoms can diffuse into the titanium substrate more
rapidly as a result of a higher concentration gradient, and a TiC layer forms immediately
due to the low solubility of C in β–Ti [12]. The layer thickness is dL = (3.36± 0.22)µm when
using the MC-Steel 1 and increases to dL = (7.04 ± 0.28)µm when using the UHC-Steel.
After applying Groesbeck etchant, an area of the layer can be etched. This etched layer also
increases with carbon content.

During the diffusion process, the growth of the compound layer is proportional to the
square root of the diffusion time th at constant temperature T,

dL =
√

K · th
∣∣T = const. (1)

where dL is the TiC layer thickness and K is the growth rate constant. Figure 2a indicates
the linear relationship between layer thickness dL and the square root of time th (parabolic

http://www.atex-software.eu/
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relation) at an annealing temperature ϑ = 1050 ◦C. When using UHC-Steel, a maximum
thickness of dL = (9.56 ± 0.19)µm can be achieved. The positive correlation between the
carbon content of the steel andthe layer thickness can also be seen in Figure 2a.

Figure 1. OM images of the diffusion layer at the titanium–steel interface when using various carbon
steels with different carbon contents (Table 1). Parameters for process temperature and annealing
time are ϑ = 1000 ◦C and th = 4 h, respectively.

Figure 2. (a) Relationship between layer thickness dL and annealing time th when using different
carbon steels and (b) Arrheniuscorrelation lnK vs. T−1.

The growth rate constant can be determined by the slope of the linear regression.
As the slope of the regression increases with increasing carbon content, the growth rate
constant also increases with higher carbon content. The growth factors are summarized
in Table 2. The growth rate constant is a temperature-dependent value following the
Arrhenius relationship [18,32]:

K = K0 · e
−Q
R·T (2)

The growth rate constant can be determined using Equation (2), where K0 is a pre-exponen-
tial constant, Q is the activation energy for layer growth, R is the gas constant, and T is
the annealing temperature in Kelvin. Plots of lnK vs. T−1 are represented in Figure 2b for
the different carbon steels used. By analyzing the slope of the linear relationship between
lnK and T−1, the activation energy of the process can be determined. The activation
energy varies between Q = 126.5 and 136.7 kJ mol−1, independently of the carbon content
of the carbon steel. This energy directly refers to the interaction of carbon and titanium
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atoms for the formation of the TiC layer. Arvieu et al. [33] determined an activation
energy of TiC layer growth of Q = (153 ± 18) kJ mol−1 using a sputter process at moderate
temperatures up to 650 ◦C, referring to the activation energy for the diffusion of C in Ti
(Q = 130–180 kJ mol−1) [34]. The value of the activation energy determined in the current
study agrees well with the value of Q = 109 kJ mol−1 determined by Capaldi et al. [35],
which corresponds to the dissolution of carbon in molten titanium (Q = 117 kJ mol−1).
Feng et al. [36] calculated a value of Q = 87 kJ mol−1 using a carburizing agent containing
barium carbonate, calcium carbonate, and charcoal powder.

Table 2. Growth rate constant K in [µm2 s−1] and activation energy Q in [kJ mol−1] for the growth of
the compound layer for the different carbon steels used

MC-Steel 1 MC-Steel 2 HC-Steel UHC-Steel
0.45 wt.-% C 0.67 wt.-% 1.00 wt.-% 1.15 wt.-%

K at ϑ = 950 ◦C 4.78 × 10−4 6.58 × 10−4 1.11 × 10−3 1.37 × 10−3

K at ϑ = 1000 ◦C 8.14 × 10−4 1.08 × 10−3 1.93 × 10−3 2.16 × 10−3

K at ϑ = 1050 ◦C 1.23 × 10−3 1.76 × 10−3 3.06 × 10−3 3.50 × 10−3

Q 127.0 132.5 136.7 126.5

Figure 3 presents contour plots representing the layer thickness as a function of
annealing temperature and annealing time. The isometric lines correlate with a certain
layer thickness. It can be seen that the maximum layer thickness is reached in the top
right-hand corner (maximum time and maximum temperature). The isometric lines tend to
shift from the top-right corner to the bottom-left corner as the carbon content increases.

Figure 3. Contour plot for layer thickness vs. temperature ϑ and annealing time th for the different
carbon steels investigated.

The analysis of variance (Table A1) of the RSM model resulted in the carbon content
as well as the annealing temperature and annealing time having a significant influence on
the layer thickness. The mean layer thickness can be calculated using

dL[µm] = + 28.7

− 11.12 · A − 0.0629 · B − 0.951 · C

− 1.121 · A2 + 0.000033 · B2 − 0.0494 · C2

+ 0.01692 · AB + 0.001687 · BC + 0.072 · CA

(3)

where A equals the carbon content of the steel, B equals the annealing temperature, and
C equals the annealing time. The regression analysis (R2 = 0.983) is only valid in the
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intervals A ∈ [0.45, 1.15], B ∈ [950, 1050], and C ∈ [2, 8]. To determine the influence of an
isolated parameter, the standardized effect of a particular parameter on the layer thickness
is shown in Figure 4. In addition to the influence of single parameters, interactions and
squared effects can also be interpreted [37]. If this standardized effect is higher than 2.06,
it represents a significant (α = 0.05) influence. The squared carbon content, the squared
annealing temperature, and the product of carbon content and annealing time have no
significant influence. All other combinations are significant. The carbon content has the
greatest influence, followed by the annealing temperature and the annealing time.

Figure 4. Pareto chart of the standardized effect corresponding to the response: layer thickness
(confidence interval α = 0.05).

Figure 5 shows the determined element depth profiles for Ti and C using different
carbon steels as starting materials for hot pressing. A maximum concentration of approx.
23 wt.-% is observed in all investigated variants. The higher the carbon concentration of the
cabon steel, the longer the depth profile remains at this maximum. In addition, the range of
stoichiometry for TiC is given and, as soon as the concentration is below the minimum of
the range of stoichiometry (at approx. 10.5 wt.-%), a substoichiometric composition of TiC
is present, which cannot be etched by Groesbeck etching agent [38,39]. By using a steel with
a higher carbon concentration, the depth profile for carbon is shifted to greater depths. For
example, the carburization depth for 10.5 wt.-% C when using MC-Steel 1 is 2.07 µm, for
MC-Steel 2 is 2.83 µm, for HC-Steel is 3.94 µm, and for UHC-Steel is increased to 4.72 µm.
The effect of the process on the concentration of certain other elements, such as oxygen
or nitrogen, can be excluded after taking reference samples. The element Fe could not be
detected in any of the examined variants, which proves that the chemical removal by citric
acid has completely dissolved the carbon steels. This also prevents the formation of other
phases like Fe2Ti or FeTi. These phases are detected in numerous other studies [40–43].
These investigations mostly use stainless steels as starting materials for hot pressing. The
carbon content of stainless steel is not sufficient to form an initial TiC at the interface, which
acts as a barrier for the diffusion of other elements [12,44]. In the Fe-Ti-C system, TiC
(−42 kJ mol−1) has the lowest free energy of formation compared to Fe2Ti (−19 kJ mol−1)
and FeTi (−8 kJ mol−1), making it the dominant phase at the interface [43,45].

The X-ray diffractograms, seen in Figure 6, prove that no intermetallic Fe-Ti com-
pounds can be detected inside the layer. Only the α-Ti and TiC phases can be found. While
TiC shows a simple NaCl crystal structure, Fe2Ti and FeTi have more complex structures.
Fe2Ti is MgZn2-type and FeTi is bcc- or CsCl-type. Fe2Ti is known as a Laves phase, which
is hard but very brittle. Considering the crystal structures of these phases, it seems un-
likely that TiC is as brittle as FeTi and Fe2Ti [12]. Thus, it is important to ensure that no
Fe-Ti compounds are formed at the interface during the process. As shown in studies by
Yu et al. [46], intermetallic Fe-Ti compounds can only be detected at higher temperatures
(>1000 ◦C). Their study used LC-Steel (0.15 wt.-% C) and Ti6Al4V for hot rolling. At low
temperatures, the thin TiC layer acts as a barrier to the diffusion of elements such as Fe, Ti,
Al, or V. This prevents the formation of other phases. By increasing the temperature, the
barrier effect of the TiC layer is overcome and Fe diffuses due to the highest concentration
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and forms intermetallic compounds with titanium. By using a ferritic spheroidal graphite
cast iron (3.75 wt.-% C), Momono et. al. [12] were able to show that the formation of Fe-Ti
compounds can also be prevented at higher temperatures of ϑ = 1000 ◦C. Yu et al. [11]
found similar results in their investigations on the influence of the carbon content on the
bonding properties of Ti–steel composites. When LC-Steel (0.14 wt.-% C) is used, the
formation of Fe-Ti compounds at ϑ = 1050 ◦C cannot be avoided. The use of MC-Steel
(0.43 wt.-% C) leads to a stable TiC layer after a short time, and Fe-Ti compounds can no
longer be found. According to Bene and Walser’s rule, the phase closest to the lowest
eutectic temperature predominantly forms. However, reaching the eutectic temperature is
not a prerequisite for the formation of this phase [47]. The eutectic temperature of Fe-Ti
compounds is ϑ = 1085 ◦C for FeTi and ϑ = 1289 ◦C for Fe2Ti [48], which are significantly
lower than ϑ = 2776 ◦C for TiC [49,50], but carbon diffuses faster than iron into the titanium
substrate due to the smaller atomic radius and, therefore, also forms a TiC layer due to
the lower free energy, which prevents the diffusion of other atoms. The diffusion coeffi-
cients in α-Ti for carbon and iron at approx. 900 ◦C are DC(α-Ti) = 5.9 × 10−10 m2 s−1 and
DFe(α-Ti) = 7.0 × 10−13 m2 s−1 [51]. Due to the high range of stoichiometry for TiC and the
resulting high vacancy density, further C atoms can diffuse through the TiC layer and react
with the basic substrate titanium. The higher the carbon content of the steel, the lower the
intensity of the α-Ti peaks. The diffraction peaks of the β-Ti phase were not found. The α-Ti
peak at 2θ = 40.171◦ relates to the (101) reflex and can be detected in all variants.

Figure 5. Quantified element depth profiles (in wt.-%) of the compound layer exposed by citric acid
on the titanium substrate when using different carbon steels for hot pressing.

The penetration depth of the Cu-Kα radiation is greater than the layer thickness,
meaning that the basic substrate titanium is also measured. This correlation has been
described in more detail in previous investigations [10]. Individual peaks could not be
assigned to Ti or TiC. The peak at approx. 2θ ≈ 34◦ matches the WL peak α-Ti (002) at
2θ = 35.094◦. The peak at 2θ ≈ 57◦ corresponds to the WL peak of TiC (220) at 2θ = 60.489◦

and the peak at approx. 2θ ≈ 96◦ corresponds to the WL peak of TiC (331) at 2θ = 101.836◦.
The peak at approx. 2θ ≈ 45◦ is assigned to the crystal orientation α-Fe (110) at 2θ = 44.674◦

in PDF-00-006-0696. When the steel was chemically removed using citric acid, some Fe
traces remained on the surface. Apart from these peaks, no further peaks could be identified,
which means that no other phases could be detected.

Some high-resolution EBSD images of the diffusion layer of a titanium–steel compound
are shown in Figure 7. As shown in Figure 7a–c, the layer thickness increases with a rising
carbon content of the steel. The microstructure shows a gradient structure. During high-
temperature annealing, carbon atoms diffuse from the carbon steel into the Ti substrate.
When the carbon concentration is supersaturated, TiC grains nucleate and grow. The TiC
grain size is influenced by the nucleation density, which is initially high due to the high
carbon concentration at the interface, resulting in a dense layer of fine TiC particles near the
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surface. As the TiC layer grows inwards, the carbon concentration at the TiC/Ti interface
decreases due to diffusion and carbon consumption during TiC precipitation, reducing the
nucleation density and increasing the TiC grain size [7]. A large grain size of around 5 µm
is present towards the titanium base substrate, which Bai et al. [52] considered to be a high-
quality metallurgical compound. In the top zone (left side of the respective cross-section),
the grains are arranged in an equiaxed structure with a mean diameter of dG = 0.2 µm. The
TiC grain size of the gradient structure varies in the range of dG = 0.15–4 µm. Its probability
shows a lognormal distribution—see Figure 7d—with the maximum probability at a grain
diameter of dG = 0.2 µm. The distribution is independent of the use of carbon steel. As the
inverse pole figures of TiC in Figure 7a–c show, the crystallographic orientation of TiC is
randomly distributed [10].

Figure 6. X-ray diffractograms of the compound layer (in diffusion direction) on the titanium substrate
when using different carbon steels for hot pressing at ϑ = 950 ◦C for th = 4 h and after the subsequent
chemical removal of the carbon steel.

Figure 7. (a–c) Inverse pole figures from electron backscattered diffraction for diffusion direction using
the different carbon steels as starting materials for hot pressing and (d) the probability distribution of
grain size in the microstructure of the TiC layer.
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The load–depth curves for the nanoindentation measurements are shown in Figure 8.
At a maximum load of 50 mN, the indentation depth reached approximately 300 nm. Upon
removal of the indenter, the sample recovered approx. 150 nm of this depth, indicating
an elastic recovery of around 50%. The load–depth curve highlights the elastic–plastic
deformation behavior under the nanoindenter’s influence. The corresponding hardness
and elastic modulus values were determined to be H = 35 GPa and E = 500 GPa, respec-
tively. These values are consistent with previous measurements using spheroidal cast iron
as a carbon source [53]. Luo et al. have calculated a plasticity of 32% (68% elastic recov-
ery) using nanoindentation measurements, indicating excellent mechanical properties [54].
They used C2H2 gas to produce a TiC layer with a porosity of nearly 24%. Mahmood-
ian et al. [55] determine a hardness of H = 33.8–36.6 GPa for a TiC layer produced by plasma.
Zhao et al. [56] also measured a hardness of H = 32 GPa by hot pressing with needle cast
iron. The Young’s modulus for stoichiometric TiC is described by Guemmaz et al. [27] as
E = 468 GPa. The results of this investigation indicate that the hardness, Young’s modulus,
and plasticity are comparable to the values measured in the literature. Table 3 summarizes
the mechanical properties of the TiC layer, which indicate that these are independent of
the steel used. Reference can also be made to the chemical composition (Figure 5) and the
comparable microstructure (Figure 7) of the layer.

Table 3. Mechanical properties of the TiC layer formed at the interface of a titanium–steel bonding
couple using different carbon steels as starting materials for hot pressing.

Carbon Steel Hardness H [GPa] Young’s Modulus E [GPa] Elastic Recovery [%]

MC-Steel 2 (35.3 ± 3.3) (515.2 ± 14.7) (49.2 ± 3.4)
HC-Steel (35.0 ± 3.2) (509.8 ± 11.6) (50.2 ± 2.7)
UHC-Steel (35.2 ± 1.8) (517.1 ± 29.0) (48.9 ± 2.4)

Figure 8. Nanoindentation measurements (load vs. depth) while using different carbon steels as
starting materials for hot pressing.

4. Conclusions

The investigations confirm that it is possible to produce a dense and continuous
TiC layer on a titanium substrate by hot pressing between titanium and carbon steels
with varying carbon contents. The layer growth is diffusion-controlled and based on
thermodynamic principles. The growth factor of the layer formation increases with the
carbon content, while the activation energy remains almost constant. GDOES analyses
confirm that the carbon content within the layer is independent of the steel used. This
indicates that the layer is chemically saturated with carbon within the stoichiometric
range of TiC, allowing this region to be etched by the Groesbeck etching solution. XRD
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investigations confirm that no other intermetallic phases (FeTi or Fe2Ti) are formed in
addition to TiC. The layer exhibits a graded microstructure, which can be verified by EBSD
measurements. This graded microstructure has no measurable impact on the mechanical
properties of the layer.

The following conclusions can be drawn based on the present investigation:

1. Influence of Carbon Content on Layer Thickness:In addition to annealing temperature
and time, the carbon content of the steel also affects the layer thickness. A maximum
layer thickness of dL = 9.56 µm was achieved at ϑ = 1050 ◦C with an annealing time of
th = 4 h using UHC steel (1.15 wt.-% C). The calculated activation energy of Q = 126.5–
136.7 kJ mol−1 is independent of the carbon content in the steel. The layer growth of
TiC is controlled by the reaction rate between titanium and carbon. The activation
energy then relates to the reaction of C and Ti to TiC, which is not influenced by the
carbon content of the steel, as the reaction is limited by the diffusion of C through TiC
in Ti;

2. Statistical Analysis of Layer Thickness: Statistical analysis using ANOVA shows that
the carbon content of the steel has the greatest influence on layer thickness. The other
parameters (annealing time and process time) are also significant, but the carbon
content has the most substantial impact on layer thickness;

3. Carbon Distribution within the Layer: The element distribution within the layer
shows a graded carbon profile. The maximum carbon concentration is independent of
the steel used; however, with higher carbon content in the steel, the maximum carbon
concentration can be detected more deeply within the layer;

4. X-ray Diffraction Analysis: XRD analysis shows peaks only for α-Ti and TiC. As the
layer thickens, the α-Ti peaks from the titanium substrate decrease, reflecting the
penetration depth of the X-rays.

5. Microstructure of the Layer: The microstructure of the layer exhibits a graded grain
size distribution, ranging from dG = 0.2 µm to dG = 5 µm. The grain size distribution
is independent of the steel’s carbon content;

6. Mechanical Properties and Carbon Content: The layer exhibits a hardness of
H = 35 GPa, a Young’s modulus of E = 500 GPa, and nearly 50% elastic recovery
after indentation. No correlation was observed between the mechanical properties
of the layer and the carbon content of the steel. The observed stability in mechanical
properties despite varying carbon contents in the starting steel can be explained by
two main factors. First, the chemical composition of the TiC layer remains constant
because it achieves a saturated carbon concentration that is independent of the carbon
content in the starting steel. As a result, variations in the steel’s carbon content do
not affect the layer’s chemical composition. Second, the microstructure of the TiC
layer remains consistent across different steel carbon contents, showing no significant
differences. This uniform microstructure indicates that the mechanical properties of
the TiC layer are unaffected by the carbon content of the steel.

The results indicate that the TiC layer produced by hot pressing is stable and mechani-
cally effective, regardless of the carbon content of the steel. The primary factors affecting
the properties of the layer are the processing conditions, such as temperature and time, as
well as the chemical composition of the layer itself. The carbon content of the steel does not
significantly impact the mechanical properties of the TiC layer.
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Appendix A

Table A1. Analysis of variance (ANOVA) of the RSM model corresponding to the response: layer
thickness.

Source DF Adj SS Adj MS F-Value p-Value

layer thickness 9 111.083 12.3425 166.19 0.000
Linear 3 108.376 36.1252 486.41 0.000

carbon content 1 50.777 50.7775 683.70 0.000
temperature 1 37.715 37.7147 507.83 0.000
annealing time 1 19.359 19.3590 260.66 0.000

Square 3 1.362 0.4541 6.11 0.003
carbon content × carbon content 1 0.103 0.103 1.39 0.250
temperature × temperature 1 0.055 0.055 0.74 0.397
annealing time × annealing time 1 1.204 1.2044 16.22 0.000

2-Way Interaction 3 2.442 0.8138 10.96 0.000
carbon content × temperature 1 1.292 1.2917 17.39 0.000
carbon content × annealing time 1 0.087 0.0873 1.18 0.288
temperature × annealing time 1 1.062 1.0625 14.31 0.001

Error 26 1.931 0.0743
Total 35 113.014

DF = Degree of Freedom; Adj SS = Adjusted sums of squares; Adj MS = Adjusted mean squares; F-Value = Vari-
ance; p-Value = test statistic.
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