
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-022-09171-7

ORIGINAL ARTICLE

Influence of the atmosphere and temperature on the properties 
of the oxygen‑affine bonding system titanium‑diamond 
during sintering

Berend Denkena1 · Benjamin Bergmann1 · Andreas Fromm2 · Christian Klose2 · Nils Hansen1

Received: 19 November 2021 / Accepted: 2 April 2022 
© The Author(s) 2022

Abstract
Grinding tools can be manufactured from metal, vitrified, and resin bond materials. In combination with superabrasives 
like diamond grains, metal-bonded tools are used in a wide range of applications. The main advantages of metal over vitri-
fied and resin bonds are high grain retention forces and high thermal conductivity. This paper investigates the influence of 
the atmosphere and manufacturing parameters such as sintering temperature on the properties of titanium-bonded grinding 
layers. Titanium is an active bond material, which can increase the retention of diamond grains in metal-bonded grinding 
layers. This can lead to higher bond stress and, consequently, decreased wear of grinding tools in use when compared to 
other commonly used bond materials like bronze. The reason for this is the adhesive bond between titanium and diamond 
due to the formation of carbides in the interface, whereas bronze can only form a mechanical cohesion with diamond grains. 
However, when using oxygen-affine metals such as titanium, oxidizing effects could limit the strength of the bond due to 
insufficient adhesion between Ti-powder particles and the prevention of carbide formation. The purpose of this paper is 
to show the influence of the sintering atmosphere and temperature on the properties of titanium-bonded diamond grind-
ing layers using the mechanical and thermal characterization of specimens. A higher vacuum (Δpatm = − 75 mbar) reduces 
the oxidation of titanium particles during sintering, which leads to higher critical bond stress (+ 38% @ Ts = 900 °C) and 
higher thermal conductivity (+ 3.4% @Ts = 1000 °C, Ta = 25 °C). X-ray diffraction measurements could show the formation 
of carbides in the cross-section of specimens, which also has a positive effect on the critical bond stress due to an adhesive 
bond between titanium and diamond.

Keywords Grinding tools · Sintering atmosphere · Titanium-diamond composite · Characterization

1 Introduction

Metal-bonded grinding layers are very dense. Therefore, 
they have low porosity compared to most vitrified bond-
ing systems. The low porosity can be attributed to the hot 
pressing process that is commonly used in manufacturing 
metal-bonded grinding tools [1, 2]. In this process, the sin-
tering powder (bond, grain) is compressed by dies, which 

leads to a compacting of the powder particles inside a mold 
[3]. In general, metal bonds show better grain retention and 
higher thermal conductivity than vitrified and resin bond 
types. Especially when using superabrasives like diamond 
or cubic boron nitride, metal bonds are of particular impor-
tance. Due to the high wear resistance of superabrasives, 
the grains must have a higher resistance against break-out, 
which can be achieved through metallic bond materials 
[1]. Metallic bonds mainly consist of copper-tin and cobalt 
bronzes [4]. The main mechanism of how these inert grains 
are retained in the grinding layer is a mechanical enclosure 
of the grain by positive locking with the bond. A linear cor-
relation between grain concentration and bond stress can be 
observed [5].

When using carbide-forming metals like titanium [6] 
as a bond material, an increase of bond strength and grain 
retention forces can be expected. This is due to the chemical 
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reaction between titanium (bond) and carbon (diamond 
grain), which could lead to adhesion in the interface between 
bond and grain and therefore improve the strength of the 
bond [7]. In the investigations described in this article, only 
the interstitial titanium carbide (TiC) is expected to form 
since titanium will be the only bond material and diamond 
the only grain material examined. The main properties of 
interstitial carbides are high hardness, high melting points, 
and refractoriness [8].

The sintering process of single-phase powders usually 
takes place at temperatures between 2/3 and 4/5 of the melt-
ing point of the bond material [3]. When using titanium as 
the bond material, which melts at 1668 °C (1941 K), the rec-
ommended sintering temperatures start at 1100 °C (1373 K). 
These elevated temperatures can cause a transition of the 
metastable diamond into the thermodynamically stable car-
bon modification of graphite (graphitization). The graphiti-
zation starts at approximately 700 °C (973 K) and occurs on 
the surface of the diamond particles [9]. While the formation 
of carbides could potentially increase the bond strength at 
the interface of titanium and diamond, graphitization has a 
weakening effect on the bond strength since it causes the 
grain to fracture at smaller mechanical loads.

The sintering atmosphere and the associated oxidation 
effects that occur at high temperatures during sintering are 
other crucial factors that significantly influence the grinding 
layer properties, such as bond stress or thermal conductivity. 
Due to the high oxygen affinity of titanium, titanium powder 
particles are oxidized easily, especially at elevated tempera-
tures. This hinders the adhesion of particles and therefore 
weakens the overall strength of the bond. This effect ampli-
fies with increasing temperatures, as shown by Tavgen et al. 
[10]. Another aspect of oxidized titanium particles is the 
negative effect on the chemical reaction between titanium 
and carbon since the stable oxide layer around the particles 
impedes the formation of titanium carbides. Consequently, 
the grain can only be bonded cohesively, and thus a further 
increase of the bond strength is prevented. By reducing the 
partial pressure of oxygen in the process atmosphere, the 
oxidation of titanium powder particles is decreased, which 
is expected to lead to better grinding layer properties. This 
could already be observed in preliminary tests, in which 
samples manufactured in an ambient atmosphere and an 
atmosphere with a low partial pressure of oxygen were com-
pared using mechanical characterization and visual analysis 
of microscope images. Specimens sintered under low oxygen 
partial pressure show higher critical bond stress and fewer 
oxidation products in cross-sections [11].

Previous investigations regarding the sintering process 
of abrasive layers did not consider the oxygen content in the 
process but only the influence of the sintering temperature. 
A constant low vacuum (~ 50 mbar) was used in these sinter-
ing processes, and the bond consisted of copper-tin bronzes 

[7, 12, 13]. In addition, the use of pure titanium as a bonding 
material is a new approach. Due to its high chemical affin-
ity for oxygen, titanium is well suited to show a significant 
effect of varying oxygen contents on the sintering result. 
As mentioned before, lower oxygen content in the sinter-
ing atmosphere is expected to improve the abrasive layer 
properties.

The use of titanium as the bond material is promis-
ing since the grain retention and mechanical resilience 
is expected to be particularly strong compared to typical 
bronze bonds. In the current study, the influence of the sin-
tering atmosphere and temperature on the grinding layer 
properties of a novel titanium-diamond-bonded system using 
mechanical, crystallographic, thermal, and scanning electron 
methods will be examined.

2  Experimental procedure and methodology

2.1  Sintering process

All sintering experiments were carried out on a Dr. Fritsch 
DSP 510 sintering press, using FAST (Field Assisting Sinter-
ing Technology). For the performed investigations, several 
grinding layer samples were manufactured in graphite molds 
and graphite dies. The samples were cylindrical with a diam-
eter of 22 mm and a target height of 5 mm, which depended 
on the amount of used powder material and the compres-
sion ratio. Any deviations from the target height resulted 
in sample porosity caused by insufficient compacting. This 
sample geometry is ideal for the mechanical characterization 
of abrasive layers, and the resulting properties are compa-
rable to the properties of abrasive layers of entire grinding 
wheels. To ensure statistical reliability in the mechanical 
characterization of the samples, a total of seven specimens 
are manufactured within a mold in a single sintering process. 
The sintering press monitors critical process parameters such 
as temperature Ts and hydraulic pressure phyd, which ena-
bles the assessment of the process afterwards. The sintering 
experiments were performed in two different low vacuum 
atmospheres patm (~ 50 mbar; ~ 125 mbar) to investigate the 
influence of oxygen on the grinding layer properties and three 
different sintering temperatures Ts (900; 1000; 1100 °C). For 
this purpose, Ti-powder from Dr. Fritsch GmbH & Co.KG 
(ER1 13 00) and blocky diamond D251 grains from L.M. Van 
Moppes & Sons SA (FMD60) were used. The following set 
of parameters was chosen for the investigations on samples 
with and without diamond grain.

The powders were weighed into separate HDPE containers 
and mixed using a WAB Turbula 3D shaker mixer. For the 
investigations, pure titanium samples and titanium-diamond 
composite samples (75 vol.-% Ti; 25 vol.-% diamond) were 
manufactured. These were used to evaluate the cohesion 
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between the Ti-powder particles as well as the cohesion 
between the Ti-powder particles and the diamond grains 
separately. The parameter sets 1–6 were used to sinter speci-
mens with 25 vol.-% diamond grain and specimens with pure 
titanium bond. This resulted in a total of 12 experiments and 
84 manufactured grinding layer samples (Table 1).

2.2  Analytical methods

By performing a three-point-flexural test, the grinding layer 
specimens can be mechanically characterized. The maxi-
mum force Fz occurred right before the specimen fractures 
and was measured using a Kistler 9255C dynamometer. 
This enables to determine the critical bond stress σc by tak-
ing the diameter d, height h, and support length l of the 
specimens into account (Fig. 1). The calculation assumes 
an area moment of inertia of Iy = (d + h3)/12. The critical 
bond stress is a characteristic value that can be used to com-
pare specimens that are sintered under different conditions 
and describes the ability of grinding layers to withstand 
mechanical loads. However, the residual pore volume con-
tent Φ does have a weakening effect on the grinding layer 
due to an interruption of the bond. Hence, an adjusted criti-
cal bond stress σ* is used, which describes the bond stress 
regardless of the porosity [5]. The porosity is calculated as 
the quotient of the actual sample density ρ and the theoreti-
cal material density ρth.

X-ray diffraction (XRD) was used to investigate the 
phases in the cross-sections of the specimens generated by 
the three-point-flexural test. This allows the analysis of the 
reaction between the bond material (titanium) and the dia-
mond grain (carbon), in which the formation of carbides is 
expected. By analyzing the cross-section, an influence from 
the chemical reaction between bond material and the graph-
ite mold (carbon) can be avoided. The measurements were 
conducted with a Seifert XRD 3003 TT diffractometer with 
a cobalt target. All measurements were performed with iden-
tical measurement settings and conditions. The measured 
diffraction patterns were evaluated using the PowderCell 2.4 
software [14].

For the determination of the thermal diffusivity, a xenon-
flash measuring instrument from NETZSCH-Gerätebau 
GmbH with the designation LFA 447 was used. The xenon-
flash conducts energy into the sample, and an indium anti-
monide infrared detector cooled with liquid nitrogen records 
the thermal radiation of the sample over time. The thermal 
diffusivity of the sample can then be calculated from the 
temporary signal rise in the detector’s infrared sensor using 
Cowan’s pulse correction and the sample dimensions [15]. 
The accuracy of this method, as stated by the manufacturer, 
is ± 3% with reproducibility of ± 2%. The thermal conductiv-
ity can then be calculated by multiplying the thermal diffu-
sivity, the density, and the specific heat capacity of the mate-
rial [16]. Thus, the influence of the sintering parameters and 
atmosphere on the thermal properties of the specimens can 
be evaluated to gain a deeper understanding of the interface 
between titanium and diamond.

Scanning electron microscopy (SEM) using a Carl Zeiss 
EVO 60 XVP was employed to record images of the cross-
sections to gain information about the topography of the 
sintered specimens. These images were used to analyze the 
fracture behavior of the grains as an indication for either car-
bide formation (higher grain retention) or oxidized titanium 
bond (lower grain retention) that could prevent the formation 
of carbides in the interface between bond and grain.

Table 1  Processed parameter sets with and without diamond grain

Parameter set Ts in °C patm in mbar

1 900 50
2 1000 50
3 1100 50
4 900 125
5 1000 125
6 1100 125
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Fig. 1  Characterization of grinding layer specimens
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Another SEM application is the energy-dispersive X-ray 
spectroscopy (EDS), which can provide data on the elemen-
tal composition of the specimen and thus detect oxidation 
effects during sintering. By combining SEM and EDS, 
elemental distributions can be visualized through EDS 
mapping. The EDS measurements were conducted with an 
EDAX Octane Elite detector.

3  Results and discussion

3.1  Interface between bond and grain

Common grinding layer bond materials like copper-tin 
bronze are holding the abrasive grains mainly by positive 
locking. By adding carbide-forming elements or using these 
elements solely as bond material, the formation of carbides 
is possible. This can lead to adhesion between bond and 
grain and increase the grinding layer strength. The forma-
tion of titanium carbide (TiC) can be expected when using 
titanium and elements that contain carbon (e.g., diamond 
grain). However, in comparison to sintering temperatures 
at which bronze layers are manufactured, the formation of 
carbides usually requires higher temperatures in the process. 
In addition, the high melting point of titanium (1668 °C) 
also requires higher sintering temperatures, according to 
literature [3]. This can lead to thermal damages to the dia-
mond grain due to surficial graphitization that can occur 
from 700 °C. Nevertheless, temperatures between 900 and 
1100 °C have intentionally been chosen, thus enabling the 
investigation of the formation of TiC.

Comparing the XRD measurement results of samples 
with 0 vol.-% grain and 25 vol.-% grain (Ts = 1100 °C), 
the reflections corresponding to Ti (bond) can be found in 
either measurement (Fig. 2). Reflections corresponding to 
C (diamond) can only be detected in samples containing 
25 vol.-% diamond grain. However, the reflections of C are 
very small despite a significant amount of diamond grain 
in the sample, as shown in the SEM micrograph (Fig. 2, 
bottom left). This is due to the small sensor area (1–2 mm) 
and the low amount of large monocrystalline diamonds 
within this area. Along with the blocky shape of the grains, 
this results in a low number of crystal orientations, which 
leads to a low detection probability of diamond. Further-
more, significant reflections corresponding to TiC can also 
be detected in samples with diamond grain. The occurrence 
of TiC is due to the presence of diamond within the bond, 
which acts as a source of carbon. This enables the chemical 
reaction between titanium and carbon and thus the formation 
of TiC in the interface. The presence of TiC suggests that an 
adhesive bond between bond and grain has formed, which 
potentially increases the bond strength. Another aspect that 
should be considered is the potential formation of graphite 
due to the transformation of the crystal structure of diamond 
at elevated temperatures (> 700 °C). Graphitization effects, 
however, could not be observed in the XRD results. One 
reason is the short holding time (300 s) at these tempera-
tures in which graphite might not form in the first place 
or only in small, undetectable quantities. Another reason 
for this result could be that graphite forms and then reacts 
with titanium, leading to the formation of TiC. This would 
eliminate most of the graphite content and leave TiC on the 
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Fig. 2  XRD analysis of grinding layer cross-sections
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surface of diamonds. These surfaces can be visualized by 
SEM micrographs (Fig. 3) of specimen cross-sections taken 
with a backscattered electron detector (BSE). The bond 
material (light areas) and diamond (dark areas) can easily 
be differentiated, which enables the evaluation of grain con-
ditions. Titanium-bonded grains show a light shade of gray, 
which indicates the deposition of TiC and residual amounts 
of graphite on the surface. However, sharp edges can be 
detected in every micrograph and thus leading to the conclu-
sion that even at high temperatures (1100 °C) grain damage 
through graphitization is relatively small.

This can be confirmed by SEM micrographs of Ti-diamond  
specimen cross-sections that were sintered at different 

temperatures and under different atmospheres (Fig. 4). The 
micrographs also show that the grains still have their original 
shape and did not fracture during the three-point-flexural 
test. This also supports the observation of relatively small 
thermal grain damage because graphitization of diamond 
leads to a weakening of the grain, which can cause the grain 
to fracture more easily. Another possible reason for the 
unfractured grains is that the adhesion between bond and 
grain through TiC formation is too weak and, therefore, the 
grain retention force is not high enough so grains will just 
get pulled out of the bond instead of fracturing. According 
to the observations of the specimen cross-sections, the dia-
mond grain and bond conditions are similar for all sintering 
atmospheres and temperatures. To further investigate the 
influence of the sintering conditions on the chemical com-
position of the specimens, the results of an EDS analysis are 
described in the following.

The EDS mapping shows the local element distribution 
of titanium (bond matrix, yellow), carbon (diamond grain, 
orange), and oxygen (blue) on the cross-section surface of 
Ti-diamond specimens (Fig. 5). The gray shades represent 
areas of shading that cannot be measured by the X-ray detec-
tor. The analysis shows that a small amount of oxygen can 
be detected on the cross-section surface when sintering at 
a high temperature of 1100 °C and high oxygen content in 
the atmosphere patm,2 (Fig. 5b). On specimens with lower 
sintering temperature (900 °C) and higher vacuum (patm,1), 
oxygen cannot be detected at all (Fig. 5a). The reason for 
this is that a more pronounced reaction between titanium 
and oxygen takes place at higher temperatures and higher 
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amounts of oxygen in the atmosphere. Thus, the sintering 
conditions influence the abrasive layers, which are quantified 
in the following mechanical and thermal characterization of 
the specimens.

3.2  Mechanical characterization

To mechanically characterize different grinding layer sam-
ples that were manufactured under different process condi-
tions, the critical bond stress is compared. Due to very low 
porosities (≤ 2.5%), the effect of the pore volume content on 
the bond stress is low. To eliminate this effect, the adjusted 
bond stress (simply referred to as bond stress in the fol-
lowing) is calculated according to Fig. 1. The main influ-
ences on the bond stress were investigated within a set of 
parameters (Fig. 6). In both cases (0 vol.-% and 25 vol.-% 
diamond grain), the sintering atmosphere (patm) has the larg-
est influence, leading to a decrease of bond stress at increas-
ing vacuum. This is due to the chemical reaction between 
titanium and the present oxygen in the ambient atmosphere 
[10]. The sintering temperature Ts has a less pronounced 
impact, which changes from a negative to positive influence 
on the bond stress when comparing the result of the 0 vol. % 
with the 25 vol.-% diamond grain samples. This is a strong 
indication of the formation of carbides that usually form at 
elevated temperatures and enable the strengthening of the 

grinding layer through adhesion between bond and grain. 
However, when diamond grain is present, the influence 
of the atmosphere and the temperature on the bond stress 
decreases. This indicates that the grain concentration also 
has a significant impact on the bond stress. These results are 
shown in the following section in more detail.

Fig. 5  EDS analysis of Ti- 
diamond specimen cross- 
sections sintered under high 
(a) and low (b) vacuum

p 50 mbar, T =900 °Catm,1 s≈ p ≈125 mbar, T =1,100 °Catm,2 s

100 mμ100 mμgrain

grain

bond matrix

bond matrix

EDS result
Ti: 71.5 w% (39.3 atom%)
C: 25.7 w% (56.1 atom%)
O: < 3 w% (< 5 atom%)

titanium carbon oxygen

EDS result
Ti: 48.2 w% (19.0 atom%)
C: 51.4 w% (80.7 atom%)
O: -

IFW©Ha/104316

a b

IFW©Ha/104317

eff
ec

t o
n 

cr
iti

ca
l b

on
d 

st
re

ss

sinteringparameters
heating rate ∆T = 50 °C/min
pressure p = 3,500 N/cms 2

holding time t = 300 ss
temperature T = 900...1,100 °Cs

200

MPa

0

-100

-200

-300

-400

-500

patm

Ts

0 V% diamond grain 25 V% diamond grain

Ts

sintering atmospheres
p ≈ 50...125 mbaratm

patm

Fig. 6  Strongest effects on the critical bond stress

7192 The International Journal of Advanced Manufacturing Technology (2022) 120:7187–7196



1 3

In Fig. 7, diagram (a) shows the bond stress of samples 
with no grain, and diagram (b) shows the bond stress of 
samples with 25 vol.-% diamond grain. The addition of 
grain leads to a significant decrease in bond stress (-53% 
@ Ts = 900 °C) due to the volumetric decrease of the bond 
material. Since diamond grains are mainly held by positive 
locking, the overall cohesion of the grinding layer decreases. 
If no further chemical reactions between grain and bond 
are present, a linear correlation between bond stress and 
grain concentration can be observed. Accordingly, the bond 
stress decreases with increasing grain concentration until 
the percolation threshold is reached and the grinding layer 
fails [7]. Furthermore, the bond stress is mainly influenced 
by the vacuum level during the sintering process. A higher 
vacuum (patm,1) enables a much higher bond stress (+ 38% @ 
Ts = 900 °C; no grain) compared to atmosphere patm,2. The 
main reason for this is a chemical reaction of the oxygen-
affine titanium with elements in the ambient atmosphere 
that mainly causes the formation of oxides on the surface 
of Ti-powder particles. This, in turn, interferes with the 
bonding process between particles, which leads to lower 
bond strength. Another effect that can be observed is the 
decreasing bond stress at increasing sintering temperatures, 
which applies to both atmospheres (Fig. 7a). Normally, the 
opposite correlation can be expected because higher tem-
peratures favor the adhesion between particles of the same 
material and, therefore, have a positive influence on the 
mechanical properties. The present result, however, shows 
that the highest bond stress can be achieved between 800 
and 900 °C. This indicates that the phase transformation 
of pure titanium, which occurs at 882 °C, influences the 
strength of the grinding layer [17]. During the transforma-
tion, the “hexagonal close-packed” (hcp) α-phase transforms 
into the “body centered cubic” (bcc) β-phase. Although the 
β-phase does not remain in the material after cooling entirely 

[18], the bilateral phase transformation and thus β-phase 
residues seem to have a significant influence on the bond 
stress. While the bond stress of the investigated composition 
generally decreases with increasing sintering temperatures 
(900–1100 °C) and no grain present, the opposite effect 
can be observed in the same temperature range when using 
diamond as abrasive material (Fig. 7b). This effect is due 
to a distinct formation of TiC because carbide formation is 
favored by higher temperatures, thus explaining the higher 
bond stress at higher sintering temperatures. The underlying 
mechanism is the adhesion between bond and grain through 
the mutual TiC phase. The same principle applies to oxygen, 
which reacts more intensely with titanium when tempera-
tures increase. Accordingly, this is the main reason for the 
smaller gradient of bond stress at patm,2 compared to patm,1 at 
elevated temperatures (Fig. 7b). Due to higher oxygen con-
tents at patm,2, Ti-powder particles are more likely to oxidize, 
which possibly impedes the formation of TiC as well as the 
adhesion of bond and grain.

Compared to previous approaches, in which copper-tin 
bronzes were used as bond material for abrasive layers, tita-
nium leads to significantly higher critical bond stresses [7]. 
This is due to very strong adhesion between the pure tita-
nium particles that form during sintering and the general 
ductile material behavior of titanium at room temperature. 
However, when comparing the critical bond stresses of spec-
imens with and without abrasive grain, a similarity between 
titanium and bronze can be seen. In both cases, the abra-
sive grain has a decreasing effect on the bond stress, which 
is due to the volumetric decrease of the bond material [5]. 
However, further comparisons between the different bond-
ing systems titanium and bronze are not suitable since both 
systems are sintered in entirely different temperature ranges.

In contrast to the observation of the specimen cross- 
sections, the mechanical characterization of titanium 

Fig. 7  Adjusted bond stress of 
grinding layer samples with 
(b) and without (a) diamond 
grain
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specimens shows that the process parameters have a pro-
nounced influence on the bond stress. For TiC, it can be 
stated that the temperature and the atmosphere have a signif-
icant influence on the TiC formation and thus the mechanical 
behavior of the abrasive layer. The mechanical characteriza-
tion enables an indication of the intensity of TiC formation, 
which increases with increasing sintering temperature lead-
ing to a stronger adhesion between Ti-bond and diamond 
grain (Fig. 7b). The same applies to the sintering atmos-
phere, which also has a significant influence on the critical 
bond stress. A higher vacuum leads to an increased bond 
stress. This means that the EDS measurement can only give 
a qualitative assessment of the titanium oxidation during 
sintering, while the mechanical characterization enables a 
quantitative estimation of the oxidation effect. To further 
evaluate the influence of the sintering atmosphere and tem-
perature on the properties of the abrasive layer, a thermal 
analysis is carried out.

3.3  Thermal characterization

To characterize the different grinding layer samples ther-
mally through thermal conductivity λ (Eq. (1)), the thermal 
diffusivity a, the density ρ, and the specific heat capacity cp 
need to be determined.

The thermal diffusivity was determined by an LFA at 
different ambient temperatures Ta between 25 and 300 °C. 
Within this range, the grinding layer density is assumed to 
be constant and was measured using a density scale based 
on Archimedes’ principle. For the specific heat capacity, 
a model has been applied that describes the specific heat 

(1)� = (a ⋅ � ⋅ cp)
W

m ⋅ K

capacity of pure titanium depending on the ambient tem-
perature according to Maglić and Pavičić (Eq. (2)) [19].

The influence of different ambient temperatures on ther-
mal conductivity is presented in Fig. 8. In the left diagram 
(a), the thermal conductivity depending on different sinter-
ing temperatures in the atmosphere patm,1 is shown, whereas 
the right diagram (b) compares the two atmospheres at a sin-
tering temperature of 1000 °C. The correlation between the 
conductivity and the ambient temperature can be described 
by an exponential decay that reaches a stationary value at 
about 200 °C. Higher thermal conductivities can be achieved 
when sintering at 900 °C, while 1000 °C and 1100 °C do 
not show a significant difference (Fig. 8a). This observa-
tion correlates with the results of the mechanical charac-
terization, in which lower sintering temperatures also have 
a positive effect on the grinding layer properties. This ther-
momechanical material behavior must be due to differing 
powder particle adhesion of titanium, below and above the 
phase transformation temperature of 882 °C [20]. A pos-
sible influence of the residual pore volume content can be 
excluded because there are only small differences between 
the measured densities and no correlation to the thermal 
conductivity. The influence of the sintering atmosphere is 
evident from diagram (b), which shows a significant impact 
of the atmosphere on the thermal conductivity in the tem-
perature range between 25 and 150 °C. At room temperature 
for example, the conductivity increases from λ = 18.2 W/
(m·K) at patm,2 to λ = 18.8  W/(m·K) at patm,1 (+ 3.4% 
@Ta = 25 °C, Ts = 1000 °C). This trend continues until an  
ambient temperature of Ta = 150 °C is reached. At this point, 

(2)

cp = (405.6 + 5.0757 ⋅ 10
−1Ta − 2.781 ⋅ 10

−4Ta
2 + 8.750 ⋅ 10

−8Ta
3)

J

kg ⋅ K

Fig. 8  Thermal conductivity of 
grinding layer samples without 
abrasive grain (a, b)
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the thermal conductivity increases from λ = 16.9 W/(m·K) 
to λ = 17.3 W/(m·K) (+ 1.8% @Ta = 150 °C, Ts = 1000 °C). 
Since no abrasive grain is involved, the main reason for 
this result must be the adhesion between titanium particles, 
which is mainly influenced by the oxygen content within 
the sintering atmosphere. A lower vacuum means that more 
oxygen is involved, and thus, more oxidation of the powder 
particles takes place (λTiO2 = 2.5 – 5 W/(m·K)), leading to 
weaker bonds and lower thermal conductivity. The residual 
pore volume content cannot be the reason for the difference 
in thermal conductivity at different atmospheres. This is due 
to a lower pore volume content of specimens that were sin-
tered at patm,2 (Φ = 2.6%) compared to patm,1 (Φ = 5.7%). A 
lower pore volume content would usually cause an increase 
in thermal conductivity because less air is present in the 
specimens, and air has a significantly lower thermal conduc-
tivity than pure titanium (λair = 0.0262 W/(m*K); λTi = 22 W/
(m*K)).

4  Conclusion and outlook

Based on the present research, in which the oxygen-affine 
bonding system titanium-diamond has been investigated, the 
following conclusions can be drawn:

• TiC is forming under the investigated process conditions 
and parameters, which was observed in an XRD analysis, 
SEM micrographs, and the thermomechanical proper-
ties of the specimens, thus leading to an adhesive bond 
between titanium and diamond in the interface.

• Sintering temperatures up to 1100 °C are not causing any 
significant damage to the abrasive diamond grain.

• The sintering atmosphere has the most significant influ-
ence on the mechanical and thermal properties of the 
abrasive layer. A lower oxygen content enables higher 
bond stress and higher thermal conductivity.

• The sintering temperature has a significant influence on 
the abrasive layer properties. Increasing temperatures 
lead to lower bond stress and thermal conductivity with-
out grain and higher bond stress with 25 vol.-% grain.

The results show that the present oxygen content within 
the sintering process has a significant influence on the prop-
erties of the titanium-bonded abrasive layers. For this rea-
son, when sintering materials with a high affinity for oxygen, 
the best possible vacuum should be used to avoid oxida-
tion effects as much as possible. This enables higher critical 
bond stress and higher thermal conductivity of the titanium- 
diamond abrasive layer.

Higher bond stresses of the titanium bond compared 
to conventional metal bonding systems such as copper-tin 
bonds can result in better macroscopic wear resistance (e.g., 

edge wear). Furthermore, the formation of TiC increases the 
retention of diamond grains, which can extend the period 
before the abrasive grains break out of the bond, thus also 
improving tool life. Future experiments will investigate the 
behavior of entire titanium-diamond-bonded grinding tools 
during grinding processes.
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