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Abstract: The effect of Sn content added in pre-alloy powder on the microstructure, porosity, hardness
and bending strength of hot pressing sintering of a diamond matrix was investigated. The results
show that with the increase of Sn content in the pre-alloy powder, a reduction in grain size and
porosity as well as an increase in hardness is observed. As a result of the reduction in porosity, the
flexural strength increases with the increase in the Sn content in the pre-alloy powder. However, with
the increase of Sn content, the bending strength decreases owing to the formation of Cus¢Sn in the
matrix. The properties of the diamond matrix are improved, and the lifetime of the diamond matrix
is prolonged when the Sn content is 4 wt.%.
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1. Introduction

Diamond has good wear resistance, stable physical and chemical properties, as well as good
corrosion resistance, radiation resistance and thermal conductivity. Diamond is widely used in cutting
tools, particularly for precision machining [1,2]. However, diamonds in nature are not easy to form;
the output is small and the price is too expensive. At present, synthetic diamonds are widely used in
geological drilling and for the cutting of brittle and hard materials.

The main manufacturing methods of diamond tools are sintering, welding and electroplating,
excimer laser ablation and thermal spraying [3-6]. Single-layer diamond tools are a common standard
in the diamond tool industry. In most cases they are produced by electroplating, whereas nickel is used
as a deposited metal. As there is no joining process between the electroplated metal and the diamond
grit, the diamond retention comes only from mechanical fixing by covering the diamonds over more
than 50% of their diameter [4,5]. The active brazing of diamonds is a highly interesting alternative
to electroplating [7]. Cutting tool performance is mainly characterized by material substrate, cutting
edge geometry and coating [8]. Moreover, the surface topography of the different blades is evaluated
to examine the impact of wear depending on the surface profile and the distribution of the diamonds
in the blade’s substrate [9]. The surface degradation of coatings is also addressed to describe the
interaction of the coated surface and different sizes of graphite embedded in the lubricant’s matrix [10].

Diamond tools are usually sintered by basal body, diamond and matrix powder. The cutter head
is composed of diamond and matrix. Thus the properties of the diamond and matrix determine the
quality of diamond tools. In diamond tools, diamond is a cutting element, but when determining
whether the diamond can be fully and effectively utilized, it is the matrix that plays a decisive role. The
matrix mainly has two functions; “package” diamond and diamond “match” wear. The performance

Coatings 2019, 9, 364; d0i:10.3390/coatings9060364 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://www.mdpi.com/2079-6412/9/6/364?type=check_update&version=1
http://dx.doi.org/10.3390/coatings9060364
http://www.mdpi.com/journal/coatings

Coatings 2019, 9, 364 20f12

of the matrix depends largely on the material of the matrix. The matrix mainly consists of metal, resin
and ceramics, and is widely used because of its excellent comprehensive performance [11-14]. The
preparation and formulation design of matrix powder on the cutter head have become the focus of
much research on the quality of diamond tools.

In the process of using diamond tools, the main failure form is diamond shedding, not grinding
failure, resulting in a lot of waste [15]. The most effective way to improve the comprehensive
performance and life of diamond tools is to increase the holding force of the matrix to diamond, and
improve the tool performance in a variety of work materials [16]. Using Cu-Sn pre-alloyed powder as
bonding agent, the sintering temperature is low, which not only avoids gravity segregation and low
melting point material loss caused by mechanical mixing powder, but also improves the wettability of
the alloy to diamond and ensures the bonding strength between the matrix alloy and diamond.

In order to solve the problem of lifetime, pre-alloyed powders were added to matrix powders
instead of metal powders and sintered by hot pressing to form brazing bonds between the matrix
powders and diamond particles [17]. Improving the quality of diamond particles can improve the
performance of diamond tools and prolong their lifetime to a certain extent, but the cost of improving
the quality of the diamond is too high, and is generally reserved only for high-end products. The
method of improving the skeleton material can prolong the lifetime, but it will reduce the sharpness of
diamond tools, and adjusting the skeleton material cannot improve the comprehensive performance.
Nowadays, the application requirements are mainly met by changing the binder. The binder can
improve the wettability of the matrix to diamond, and make brazing connections between the matrix
and diamond. This method is a very effective way to improve the comprehensive performance and
lifetime of diamond tools, instead of simply inserting diamond in a matrix [18-20]. When pre-alloyed
powder is used as binder, not only can the matrix powder diffuse, but the matrix and diamond can
also be joined by diffusion brazing, which enhances the bonding force [21].

There are three kinds of brazing for diamond tools; single layer brazing, diamond bit brazing and
polycrystalline diamond compact bit (PDC) composite brazing. The brazing process is the metallurgical
bonding of diamond, filler metal and metal matrix, to provide high bonding strength [22]. The use
of pre-alloyed powder is an effective way to improve the comprehensive performance of diamond
cutter heads. Active pre-alloyed powder can improve the lifetime of diamond tools. In this study, the
effect of Sn content added in pre-alloy powder on the microstructure, porosity, hardness and bending
strength of hot press sintered diamond matrix was investigated.

2. Experimental Material and Methods

2.1. Experimental Material

Material selected in the experiment included iron powder, copper powder, tin powder, zinc
powder, nickel powder and self-made pre-alloy powder. The particle size was -200 mesh. Among them,
the pre-alloyed powder was prepared by multistage tightly coupled atomization, and the composition
ratio of pre-alloyed powder is shown in Table 1. Figure 1 shows SEM morphologies of the pre-alloyed
powder. It shows that most of the powders are spherical.

Table 1. Composition ratio of pre-alloyed powder (wt.%).

Pre-Alloyed Powder Composition Ratio (wt.%)
Cu 15-25
Zn 10-15
Sn 0-10
Ni 3-12

Fe Balance
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Figure 1. SEM morphologies of pre-alloyed powder.
2.2. Formulation Design of Matrix Powder on the Tool Head

This experiment mainly studied the effect of the Sn content in the pre-alloyed powder on the tissue
and the performance of the blank matrix and cutter head. Six experimental formulas were formulated,
which are 1#, 2#, 3#, 4#, 5# and 6#, with Sn contents of 0%, 2%, 4%, 6%, 8% and 10%, respectively.

2.3. Experimental Process

Several metal powders, such as Cu and Ni, are easy to oxidize at room temperature. Because of
the existence of oxides, the graphitization of diamond will be aggravated and the surface of diamond
will be strongly corroded, which leads to the aggravation of diamond breakage in the cutting process.
Restoring equipments include gas making equipment and a restoring furnace. Moreover, the restoring
agent is hydrogen or gas. During the sintering process, the gas is preperited to form a pore, resulting
in the strength of the matrix and the tool head being reduced. Thus, it first needs to be restored. The
die is needed as the carrier. There are two main points: (1) the compressive strength of the graphite
should be over 40 Mpa and (2) graphite with low porosity must be selected with a density of less than
30%. This is mainly because the metal powder will enter into the micropores at the graphite surface,
and the die will become brittle. Therefore, the density of the die should be above 1.6 g/cm3.

The material was proportioned according to the formula, weighed to requirement, and paraffin
was added. The material was put in a three-dimensional mixer and taken out after an hour, then put
into the graphite mold in the hot press sintering machine for sintering. In the sintering process (shown
in Figure 2), the sintering temperature was 800 °C and the holding time was 60 s. After sintering, the
sample size was 40 mm X 8 mm X 3.2 mm. The specific sintering process is shown in Figure 2.
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Figure 2. Sintering process of powders.
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2.4. Performance Testing Method

Archimedes’ drainage method was used to measure the density of the sample [23]. The sample
density was calculated according to formula p = i Pwater/(Mair — Mwater), Where 1,5, is the weight of
the samples in air, Myater is the weight of the sample in water and pwater is the density of water.

A Rockwell hardness tester (HRB) was used for the measurement of hardness of the samples in
order to prevent cracking and other phenomena in the process of hardness testing. It is necessary to
measure the HRB perpendicular to the pressing direction, and the reported values are an average of
three data points. The three-point bending method on a universal material testing machine was used
to measure the bending strength of the sintered samples. The loading direction was perpendicular to
the pressing direction of the sample. The loading speed was 1 mm/min. The reported values are an
average of three data points per sample.

A ZEISS optical microstrucute (OM, Oberkochen, Germany) was used to observe the microtructure
of sample. A JSM-6480 scanning electron microscope (SEM, JEOL, Tokyo, Japan) was used to observe
the fracture morphology of the sample, and an XRD-6000 X-ray diffraction instrument (XRD, Shimadzu,
Kyoto, Japan) was used to observe the tissue. X-ray diffraction (XRD) analysis was carried out with
Cu—Koa radiation and scanning angles (26) between 10° and 90°.

3. Results and Discussion

3.1. Effect of Sn Content on the Microstructure Evolution

Figure 3 shows the microstructure of the matrix of sintered samples with different Sn contents.
Figure 3a shows that the grain is coarse and the distribution of copper-based bonding phase is not
uniform. Figure 3b—e show that the grains gradually become fine and the phase of copper-based
bonding begins to distribute uniformly around the iron-based matrix. Therefore, the grain size grows
finer with the increase of the Sn content.

(c) 4 wt.% Sn

Figure 3. Cont.
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(e) 8 wt.% Sn (f) 10 wt.% Sn

Figure 3. Microstructures of matrix of sintered samples with different Sn contents.

Figure 4 shows the effect of Sn content on the density of the matrix. It can be seen that the porosity
decreases and the density of samples increases with the increase in Sn content in the powder. Moreover,
when the Sn content is increased up to 2 wt.%, the sintering density of powder is increased greatly.
With the increase of the low melting point element Sn, the liquid phase is increased. As reported in [24],
the existence of the liquid phase is beneficial to the increase of the sintering density. Thus, the powder
is compressed and the sintering density is increased owing to the increase of the viscous flow of the
liquid phase and the capillary force formed by the liquid phase in the pores.
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Figure 4. Density of the matrix of sintered samples with different Sn contents.

Figure 5 shows the XRD analysis results of the matrix phase of samples with different Sn contents.
The phases in the Sn-free sample are mainly composed of Fe4Cus, Cug ¢4Sng 36 and FeNi (see Figure 5a).
With the increase of the Sn content, the new phase Cus ¢Sn is observed (see Figure 5b). Therefore, the
addition of Sn leads to the formation of CusSn. Similar results have been found in Cu-Sn alloy [25].
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Figure 5. XRD analysis results of the matrix phase of samples with different Sn contents.
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3.2. Lifetime Extension Mechanism of Sn-Added Fe-Based Pre-Alloy Brazing Coating in Diamond Tools

3.2.1. Effect of Sn Content on Hardness of Matrix

Sintering temperature and holding time are the two most important factors in the sintering process,
playing a decisive role in atomic diffusion. With an increase in sintering time, the density, hardness
and bending strength of the matrix first increase and then decrease [26]. Under the condition that the
parameters of the sintering process remain unchanged, the hardness of the matrix is only related to
the chemical composition. Figure 6 shows the hardness of the matrix for different Sn contents in the
powder. When no Sn is present in the powder, the hardness is only 80 HRB, and with the increase of
Sn content from 0% to 10%, the hardness increases from 80 to 100 HRB. There are three main reasons
for this. On the one hand, the pre-alloyed powder has higher hardness than the framework material,
and with the increase of Sn content, the proportion of pre-alloyed powder increases and the hardness
increases. On the other hand, with the increase of low melting point material, more liquid phase
appears in the sintering process and the liquid phase produced fills the gaps among the powder
particles. The material then shrinks through the capillary force appearing in the liquid phase, thus the
density and the hardness increase with the increase in Sn content in the powder. The authors of [27]
reported similar results, namely that the strength of the pre-alloy matrix is improved owing to the
addition of low melting point elements. Secondly, by comparing with Figure 3, it can be seen that the
grain size of the matrix sample becomes finer with Sn addition, which explains the observed hardness
increase with Sn addition to the powder.

100 |

/

80} -/.

Hardness (HRB)

0 2 4 6 8 10
Sn (wt. %)

Figure 6. The hardness of the matrix of sintered samples with different Sn contents.

For powder metallurgy materials, the hardness, bending strength and other mechanical properties
are mainly affected by density. With the increase of density, the mechanical properties such as hardness
and bending strength also increase [28]. When the Sn content is between 2 and 6 wt.%, the hardness
increases rapidly. Figure 4 shows that when the Sn content is between 2 and 6 wt.%, there is no
significant change in the density of the samples. This is mainly because more liquid phase has been
produced. After filling the gap between the powder, there is still more liquid phase, phenomenon of
running materials gradually appears, which will lead to a slower increase in density. As the density of
the matrix increases, the hardness also increases. With the increase of Sn content, more Cus Sn brittle
and hard phases will be formed, resulting in an increase in hardness. When the content of Sn increases
again, the density decreases slightly, but the change is not significant mainly because the phenomenon
of running materials starts to appear (low melting point material flows out from the gap of the mold).
However, with the formation of more Cus ¢Sn brittle and hard phases, the hardness will still increase.

3.2.2. Effect of Sn Content on Shearing Strength and Bending Strength of Matrix

Figure 7 shows the shearing strength and bending strength of matrix with different Sn additions.
It can be seen that the shearing strength is 350 MPa in the Sn-free matrix. With the increase of Sn
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content, the shearing strength is increased. When Sn content is increased up to 4 wt.%, the shear
strength decreases. The increase of shearing strength is related to the increase of the density due to the
Sn addition. However, when the Sn content exceeds 4 wt.%, the deterioration of shearing strength
contributes to the formation of the brittle phase. The bending strength of the matrix shows a similar
trend, where the bending strength increases first with the increase in Sn content reaching a maximum
value of 612 MPa for 4 wt.% Sn. Beyond 4 wt.% Sn in the powder, the bending strength decreases.
There are three main reasons for the observed trend. Firstly, in the sintering process, the material with
a low melting point melts first to form a liquid phase, which improves the compressibility.

650
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—a— Bending strength

—=&— Shearing strength

Bending / shearing strength (MPa)

200 1 1 1 1 1 1
0 2 4 6 8 10

Sn (wt.%)

Figure 7. Bending strength of matrix of sintered samples with different Sn contents.

Through the capillary force appearing in the liquid phase, the material shrinks and achieves
densification, thus enhancing the bending strength; on the other hand, the pre-alloyed powder has
higher hardness than the framework material. With the increase of the whole proportion of pre-alloyed
powder, the hardness of matrix increases. The hardness is related to the strength of the material, so the
bending strength of the matrix is improved to some extent. Secondly, Figure 3 shows that with the
increase of Sn content the grain size of the matrix becomes smaller and the mechanical properties are
improved, so that the bending strength is improved. The stability of diamond tools in the grinding
process is improved, and the service life of diamond tools is prolonged [29]. When Sn content exceeds
4%, it can be found that the bending strength decreases with the increase of Sn content. The decrease
of bending strength is mainly due to the excessive content of Sn and the formation of excessive Cus ¢Sn
compounds, which decreases the toughness and increases the brittleness of the matrix. Although the
grain size decreases and the bending strength increases to a certain extent, due to the formation of too
many Cus ¢Sn compounds the bending strength of the matrix decreases.

Figure 8 shows the SEM fracture diagram of the sample after three-point bending—the Sn-free
sample shows a brittle-ductile mixed fracture, and a certain number of dimples exist at the fracture [30].
It can be seen that there are more dimples at the fracture of samples with the Sn content increased up
to 4 wt.%, and the fracture mode is ductile. The samples with the Sn content exceeding 4 wt.% exhibit
mainly brittle fracture.
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i,

(f) 10 wt.% Sn

Figure 8. SEM fracture of matrix after three-point bending with different Sn contents.

3.2.3. Effect of Sn Content on Bending Strength of Cutter Head of Diamond

After adding diamond into the powder, the cutter head is made by mixing, pressing and sintering.
Figure 9 shows the effect of Sn content on the bending strength of diamond tools and the holding
coefficient of the sintered matrix on diamond. The bending strength increases first and then decreases,
and reaches the maximum when the content of Sn reaches 4%. The bending strength of the cutter head
is consistent with the bending strength of the blank matrix. However, the bending strength of the cutter
head is much lower than that of the blank matrix. Moreover, the effect of Sn on the holding coefficient
of sintered matrix to diamond was significant. The holding coefficient is equal to the bending strength
of the matrix divided by the bending strength of the diamond cutter head [31]. The value of the holding
coefficient is high when the Sn content is 4 wt.%. This indicates that there is good joining performance
between the matrix and diamond with 4 wt.% Sn addition.

Figure 10 shows the bending fracture morphologies of diamond tools under pre-alloyed powders
with different Sn contents. It can be seen from Figure 10a that the fracture of Sn-free diamond tools
contains some big pores, which corresponded to a low holding coefficient of the sintered matrix on the
diamond and a low bending strength of diamond tools. When the Sn content of pre-alloyed powders
is increased up to 4 wt.%, the number of pores is decreased, the size of the pores is reduced, and the
number of dimples is increased. Moreover, there is no obvious crack at the fracture (see Figure 10a—c).
The results indicate good joining between the matrix and diamond and demonstrate that the service
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lifetime of the diamond tool reaches the optimal value when the Sn content of the pre-alloyed powder
is 4 wt.%. When the Sn content exceeds 4 wt.%, cracks show at the fracture and the performance of
the joint is deteriorated and thus the corresponding service lifetime of diamond tools is reduced (see
Figure 10d—f).
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Figure 9. The effect of Sn content on the bending strength of diamond tools and holding coefficient of
the sintered matrix on diamond.

The EDAX results of the interface between the matrix and the diamond recorded in a point are
listed in Table 2. It can be concluded from Table 2 that metallurgical reactions take place between the
matrix and diamond with different contents of Sn in pre-alloyed powders. It is well known that Fe has
a good wettability on diamond surfaces. Fe reacts with diamonds to form carbides by the diffusion of
Fe to the surfaces of diamond, resulting in the increase in holding coefficient of the matrix over the
diamond. When the content of Sn in pre-alloyed powders is increased from 0 to 4 wt.%, the content of
Sn increases, indicating the good wettability of Cu-5n as compared to diamond, and the FeC phase is
formed. Thus, the diffusion brazed joint is formed and the service life of diamond tools is enhanced.
However, when the Sn content is increased from 4 wt.% to 10 wt.%, the amount of liquid phase is
increased and some of it flows away, and thus the Cu-Sn brittle phases are formed. Moreover, the
formation of cracks between the matrix and diamond is promoted because of the high value of the
coefficient of thermal expansion of Sn. Thus, the bending strength of diamond tools is decreased,
the holding ability of the matrix on the diamond is decreased and the service life of diamond tools
is decreased.

Table 2. EDAX results of interface between the matrix and the diamond under pre-alloyed powders
with different Sn contents.

Chemical Elements (wt.%)

Sn Content (wt.%)

Sn C Fe Cu Ni Zn
0 1.91 75.15 15.02 5.69 0.01 2.23
2 2.03 96.12 1.15 0.63 0.07 0
4 2.07 88.56 5.1 321 0.08 0.98
6 0 92.64 4.38 1.7 0.58 0.69
8 0.51 92.46 3.04 3.26 0.07 0.65
10 0 78.68 16.84 4.48 0 0
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Figure 10. The bending fracture morphologies of diamond tools under pre-alloyed powders with
different Sn contents.

4. Conclusions

The present work evaluated the microstructure evolution and lifetime extension of Sn added in
diamond tools. Accordingly, the following points can be concluded:

e  With the increase of Sn content in the experimental pre-alloyed powder, the grain size and the
porosity decrease, while the hardness increases. With the increase in Sn content, the microstructure
of the matrix becomes more uniform.

e  With the increase of Sn content in the pre-alloyed powder up to 4 wt.%, the bending strength of
the matrix and the cutter head are both increased firstly, and then decreased when the Sn content
exceeds 4 wt.%.

e  With the increase of Sn content in the pre-alloyed powder, the fracture morphologies of the matrix
changes from a mixed brittle-ductile type of fracture, to ductile fracture, brittle-ductile mixed
fracture and brittle fracture.
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e  The service life of the brazing coating of diamond tools can be greatly prolonged when 4 wt.% Sn
content is added in the Fe-based pre-alloyed powder.
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