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Microstructures and properties of Fe—Co-Cu
pre-alloyed powder for geological diamond bits

For geological diamond bits Fe—Co—Cu alloys are the new
generation of metal matrix. In this paper, the Fe—Co—Cu pre-alloys with various
chemical compositions were synthesized using the co-precipitation method, which were
subsequently sintered at different temperatures. The structural, thermal and properties
of the powders and its sintered materials were characterized by various techniques. X-
ray diffraction studies indicated that solid solutions were formed for the alloys during
co-precipitation process. Microstructures of these pre-alloyed powders exhibited that
the sintering process was facilitated by the irregular shapes, interconnected fine
particles as well as the large surface areas. The thermal effects of the pre-alloyed pow-
ders were explored by differential scanning calorimetry. The optimal sintering
temperature for each pre-alloyed powder was determined by the mechanical analysis.
Scanning electron microscopic results show that the composition ratio of Fe and Cu
had a significant impact on the microstructures of the sintered materials, and the
65 % Fe—20% Cu—15 % Co alloy reached the best surface coverage over the diamond
bits. The drilling performances for various pre-alloyed powders were verified by
micro-drilling experiments. Those results suggested that the 65 % Fe—20 % Cu—15 % Co
alloy exhibited the optimal performance for application in geological diamond drilling
bits.

Keywords: pre-alloyed powder, sintering, co-precipitation method,
geological diamond bit.

INTRODUCTION

In powder metallurgy processed geological diamond bits, the ma-
trix usually are obtained by mixtures of the elemental powders [1]. The
inhomogeneous component can result in composition of matrix segregating easily,
so properties of the diamond bits are largely influenced. In order to overcome this
limitation and improve the bits’ properties, more attention is paid to the alloying
powder [2]. Nowadays, the majority of the diamond tools such as saw blades, bits
and wire saw employ pre-alloyed powders as bonding metal matrix [3]. A lot of
work has been devoted to the study of the properties of composite diamond-
containing materials based on metal matrices containing iron, cobalt, copper, etc.,
sintered by the methods of powder metallurgy. The most significant scientific and
practical results on the formation of a structure with improved mechanical
characteristics of such composites were obtained in [4—8]. The properties of these
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composites are determined by the composition, structure and morphology, which,
in turn, depend on the properties of the constituents, methods and modes of
sintering. Some important properties of composites vary depending on the force
parameters of rock failure [9], contact temperatures [10—12], stress—strain state of
the matrix [13, 14], as well as placement of composites on the tool working surface
[15].

At present, researches of pre-alloyed powder focus on iron—cobalt—copper (Fe—
Co—Cu) based system. Co presents good chemical compatibility with diamond at
the sintering processing, ideal mechanic properties, and fine diamond retention. Co
powders are widely employed in the manufacture of metal matrix diamond tools
[16].

Nevertheless, the challenges of the Co element are associated with its high price
and limited resource. Meanwhile, due to the high toxicity of cobalt, the metal dust
during the producing processes is particularly hazardous [17]. Therefore, other
metals like Fe are proposed to replace cobalt. Both iron and cobalt are group VIII
elements, hence they have some common proprieties. Fe is so inexpensive that it
has advantages of economic benefit. More and more researches focus on using Fe
to substitute Co. Copper has exceptional moldability, low fusing point, being easy
to form alloy with other metals. Nearly all diamond tools use copper element.

Sintering temperatures of current Fe—Co—Cu systems commonly exceed 900 °C,
which causes thermal damages to the diamonds because graphitization temperature
of diamonds is under 900 °C. In addition, the mechanical properties of Fe—Co—Cu
systems such as hardness and strength are the main origins for selecting a metal
matrix for bonding diamonds in impregnated diamond tools [18-19], but the
selection of bonding metal also depends on the abrasiveness and hardness of the
material to be processed. Accordingly it should be doubted to only adopt the
mechanical properties to judge the performance of metal bond.

This paper is dedicated to study the microstructure of the Fe-Co—Cu pre-
alloyed powder, mechanical properties of the systems of (25—45-65)Fe—15Co—(60—
40-20)Cu” at different sintering temperatures and the application of drilling
medium to hard formation (drill ability 7). It is worth to mention that for different
Fe—Co—Cu compositions the suitable sintering temperatures are distinct and Fe—Cu
ratio determines the alloy’ properties. This study also was performed to show the
Fe—Cu ratio influence on the thermal effect by differential scanning calorimetry
(DSC) curves. Besides, the paper takes self-micro drill bits to prove that the
selection of the alloy for bonding matrix in diamond bits should consider the
drilling object. These results provide a guideline for using Fe—Co—Cu alloys as
bonding matrix for geological diamond bits.

EXPERIMENTAL DETAILS

Three types of Fe—Co—Cu pre-alloyed powders were prepared by the co-
precipitation method. Every element were weighted by mass ratio listed in Table 1
and dissolved into deionized water to form FeCl,-4H,O, CoCl,6H,O and
CuCl, 2H,0. The concentration of the solution was 1.0 mol/L. Subsequently, the
as-prepared solution was mixed with 1.0 mol/L oxalic acid solution (1:1 ratio) and
added into the reaction vessel at the same flow rate. In this reaction, the synthesis
temperature is controlled to be 50 °C, with a pH of 2.0 adjusted by adding
ammonia, and a reaction time of 20 min. After precipitating for 2 h, the Fe—Co—Cu
compound oxalate precipitate was obtained. After filtering, washing, calcining and
reducing, the pre-alloyed powders were formed.

* Hereinafter, the composition is given in wt %.
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Table 1. Compositions of the pre-alloyed powders

Samples | Fe, wt % | Cu, wt % | Co, wt %
A 25 60 15
B 45 40 15
C 65 20 15

Based on the theoretical densities of the alloys and the volume of the graphite
mold, three powders were weighted and then sintered in the vacuum hot press sin-
tering furnace. In the sintering process, the vacuum level was under 0.1 Pa, the
pressure was 54 MPa, sintering temperatures were 700, 750, 800, 850, 900 °C,
respectively, and the sintering time was 6 min. The dimensions of sintering
samples were 30x12x6 mm.

Three point bend tests were employed to determine the flexural strengths of the
matrix. The span between the bottom pins was 25 mm. Five samples per
composition were processed to obtain averaged values. Hardness testing was
carried out using a TH300 Rockwell hardness tester, with the averaged values of
10 measurements. Using the drainage method, the densities of the matrix was
measured and the relative densities were calculated based on the measured
densities and theoretical density ratios.

Phase analysis was carried out using a D/max-Ral0 X-Ray Diffractometer.
Microstructure analysis was performed using a JSM-6700F scanning electron
microscope (SEM). Thermal properties were obtained by Differential Thermal
Analysis Method. By testing the three point bending performance of the samples
containing 29 wt % diamond (40/45 size), diamond holding strength was calculated
according to

o= Mi=My 140,
M ()
where M; and M, are the blank matrix and matrix contained diamond respectively.

Home-made micro diamond bits were used to measure the practical drill effect
of powders. The rock used in the experiments was consisted of 30 wt % quartz,
55 wt % potassium feldspar and 15 wt % biotite, which belonged to the medium to
hard formation and the drilibility is seven. The dimension of the self-bit was § mm
in diameter, 10 mm in height shown in Fig. 1. The height contained two parts,
which were 6 mm long working layer contained diamond used to drill the rock and
4mm long welding layer for welding the micro bits to the steel body. Subsequently,
the diamonds in size half 35/40 and half 40/45 by 8 wt % were added into the
working layer and the bits were melt to the steel body. By measuring the drilling
depth and bit wear height in the same time, the drill efficiency and theory service
life were obtained. Considering that the experiment should be close to the real
drilling condition, a matrix formula was designed aiming at this rock. Every
ingredient was listed at Table 2. The formula A contained was No. 1, B was 2 and
C was 3, respectively.

Table 2. Metal bond formula for medium to hard formation

Element wC A,BorC Ni Mn CuSn;sZn
wt % 25 50 10 5 10
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Fig. 1. Self-made micro diamond bit.

RESULTS AND DISCUSSION
Powders’ structure

Figure 2 shows the X-ray diffraction (XRD) patterns of the Fe—Co—Cu powders
with different Fe—Cu compositions. CosFe;, CoFe;s; and FeCuy solid solutions
presence are observed for all alloys. When Cu is reduced, Fe content is added,
forming lower Fe—Cu solid solutions. This is observed with the reduction of
relative intensities for associated peaks. It is noted that the peak at 20 = 74.22°
nearly disappears for high Fe content samples. However, the peak intensities for Fe
and Cu also are influenced significantly by the Fe—Cu compositions [20-21]. The
formation of solid solution is the key for explaining the hardness improvement in
Fe—Cu—Co alloys in [21] should be doubted. The content of Fe and Co are basic
influence factor. Some works are expected to found the quantity of the solid
solutions, but this is still an open field and needs specific study. Peaks for
elemental Co are not observed in Fig. 2, because Co forms solid solutions with Fe,
which lead to the Co—Fe alloy phases appearing in Fig. 2.
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Fig. 2. XRD patterns of the three pre-alloyed powders: A (1), B (2), C (3) powders; Fe (¢), Cu
(¥), CosFe; (m), CoFe;s7 (A), FeCuy (o).

Effect of Fe—Cu proportion on the powders’ microstructure

The microstructures of powders with different Fe—Cu compositions are shown
in Fig. 3. It is found that all the shapes of three powders are irregular and particles
connect with each other loosely, resulting in large specific surface areas. Therefore,
higher sintering activities can be obtained and the sintering temperatures will be
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reduced. On the other hand, it can be found that A powder has the thickest particle
as the Fisher particle size is 9.2 pm compared with the B (8.7 um) and C (5.2 um).
This is because the higher the Cu contained, the easier the precursor reduced.
Moreover, the powder with higher Cu concentration has lower recrystallization
temperature, leading to faster processes for recrystallization and grain growth. In a
word, the particle size has a strong affinity with Cu content, the microstructure
changes due to the Fe—Cu ratio.

Fig. 3. SEM pictures of the three pre-alloyed powders: A (a), B (b), C (¢) powders.

ot

DSC curve of the powders

In Fig. 4, the DSC curves of different Fe—Cu proportion are shown. It can be
found that no obvious heat changes appear below 980 °C but there are two
endothermic peaks at about 980 and 1110 °C. In the binary systems of Fe—Cu, Fe—
Co and Cu—Co, 980 °C is the aFe — aCo, yFe) transformation temperature.
Meanwhile, Fe—Cu, Co—Cu peritectic reactions occur at 1096 and 1112 °C, respec-
tively. The A samples has lower Fe content so the endothermic peak at 980 °C is
not present. The B samples exhibit the two peaks because Fe and Cu nearly have
the same contents. C powder has low Cu composition so the peak at 1110 °C dis-
appears. Figure 4 indicates that the simple substance of Fe, Co and Cu occupies a
large proportion in the powder. The solid solutions appear in Fig.2 have an
important influence on the powder structures, but the ratio of three elements
determines the powder’ properties. When choosing the pre-alloyed powders as the
metal bond used for diamond bits, the element composition should be a valuable
reference.
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Fig. 4. DSC curves of the three pre-alloyed powders: A (1), B (2), C (3) powders.
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Mechanical properties

Figure 5 present results of relative densities, three point bend strengths and
harnesses for powders sintered at different temperatures. It can be observed that the
relative density increases with increasing temperature from Fig. 5, a. Meanwhile,
with the increased Cu content, the relative density also increases. Based on the
powder metallurgical theory, with the increased temperature the sintering process
will carry out more sufficiently so the pore volume and pore number are reduced,
which results in the higher relative density. When the samples are heated to a
certain temperature, the elimination of the pore defect will slow down so the
relative densities tend to be more stable. Cu element has a lower melting point,
therefore, for the samples containing more Cu element, the sintering temperature
will be reduced and densification process be promoted.
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Fig. 5. Curves of the three matrix’mechanical properties sintered at different temperatures: rela-
tive density (@), three point bend strength (b), hardness (¢); A (Z), B (2), C (3) samples.

Figure 5, b shows the relationship between the strengths of three kinds of sam-
ples and sintering temperatures. It can be found that the strength is correlated to the
Fe—Cu ratio. Cu element inducing plastic deformation needs less stress, so the
more Cu contained, the lower strength the sample has. On the other hand, it can be
found that the samples’ strengths vary with temperatures. The strengths of all the
three kinds of samples increase with temperature but decreases when temperature
reaches to a transition point. The strength of A sample reaches to its maximum at
750 °C and B sample at 800 °C, C sample at 850 °C. At a low temperature, the
sintering process incomplete, but at a higher temperature the grain size is larger.
According to the Hall-Petch formula
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where o,, d, o and k are the samples’ strength, grain size and constants,
respectively. Compared with B and C, the best sintering temperature of A is the
750 °C which is the lowest. This can be explained by the Cu content. Cu element
has a lower melting point so it can reduce the samples’ sintering temperature with
the higher Cu content. When Cu is reduced, Fe content is added, the sintering
temperature shows increasing trend.

Figure 5, ¢ shows the relationship between hardnesses and sintering tempera-
tures. It can be observed that the change trend is similar to the strength. The hard-
ness of C samples is higher than the others and the hardnesses for all the three
types of samples increases at first then decreases as the sintering temperature rises.
The reason is similar to the strength. Mechanical performances show that Fe—Cu
ratio determines the properties of the powders.

Microstructure of sintered matrix

Figure 6 shows the microstructure of fracture surface on sintering specimens
with different Fe—Cu ratios. A, B and C samples were sintered at 750, 800 and
750 °C as the samples have the perfect mechanical properties at the chosen tem-
perature. It can be found that A sample has the typical character of dimple fracture
due to the high Cu content. In A samples Cu is the main phase. Cu has better
plastic deformation capacity so it was easier to formulate micro-cracks which
interconnect with each other and grow to dimple. With the increased Fe
composition, the strength rises. However, as the stress increase to some extent,
cracks form and expand in the grains, resulting in trans-granular fracture. The more
Fe contains, the more trans-granular fracture is formed. One can observe that B
samples both have obvious dimple fracture and trans-granular fracture but C
sample has typical character of trans-granular fracture in Fig. 6. It can be said that
the Fe—Cu ratio determine the matrix’ microstructure.

a b . c
Fig. 6. Microstructures of the three sintered matrix: A (a), B (b), C (c) sample.

Diamond retention

Table 3 presents results of diamond retention of three powders and Fig. 7 shows
the microstructure of fracture surface of 29 wt % diamond contained matrix. One
can observe that C samples have the best retention. From the SEM images, it can
be found that gaps exit between the matrix and diamond in all the three samples.
The diamond retention is mainly based on the mechanical retention. Diamond in
the A samples has a smoother interface and the gaps between matrix and particles
are wider, because A samples have higher Cu content and Cu has weak wetting
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ability to carbon materials so bond force in the interface is lower. Diamond in B
samples erodes with the increased Fe content. Meanwhile, since in the works [1, 3,
5-8], by the methods of transmission electron microscopy and structural analysis, it
has been established that carbides are formed at the interface of the contact of
diamond particles with iron, as well as with certain compounds of transition
metals, which significantly increases the retention of diamond particles by metallic
matrix, mechanical and performance characteristics of the composite.

Table 3. Diamond intention of different samples

Strength of diamond

Sintering Strength of blank Diamond

No. temperature, °C| matrix, MPa contalr’:/elzsamatrlx, intention, %
A 750 1220 830 31.97

B 800 1487 1180 20.65

C 850 1716 1450 15.5

z

Fig. 7. Fracture images of diamond contained matrix: A (a), B (b), C (¢) matrix.

Micro-drilling experiment

Table 4 presents results of application effects when used for drilling medium to
hard formation (grade 7). It is found that the No. 1 sample has the best drilling
efficiency (2.64 m/h) but the drilling life is the shortest (4449.44 mm). Drilling
efficiency of No. 3 sample decreases, however, the drilling life almost doubles.
The efficiency and life of No. 2 are both between those for the No. 1 and 3, but is
close to No. 1. In No. 1 the matrix is soft due to the higher Cu content so the
drilling cuttings have the strong grinding effect to the matrix, then the matrix wears
more swiftly. Meanwhile, the diamond’s drop-off and exposure accelerate, causing
a higher drilling efficiency and a shorter drilling life. As the Fe content increases,
the hardness and strength ascend and grinding effect of drilling cuttings on the
matrix gets weaker. Simultaneously, the diamond’drop-off and exposure slow
down so the drilling efficiency is lower but drilling life is longer. The drilling
results show that Fe—Cu ratio determins the service performance of the powders.

CONCLUSIONS

In this work, the Fe—Co—Cu pre-alloyed powders were manufactured by co-
precipitation method. Mechanical properties for powders sintered at different tem-
peratures with different Fe—Cu ratios were investigated. Microstructures and dia-
mond retention were studied. Micro drilling experiments were performed to exam-
ine the effect of Fe—Cu ratio on the powder performance. The main conclusions
can be drawn as follows:
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Solid solutions such as CozFe;, CoFe;s7, FeCuy are formed in all the powders
with different Fe—Cu ratios. Microstructure varies with the Fe—Cu composition.
The lower Cu composition, the finer the powder size.

Table 4. Micro drilling experiment results

Drilling time,| Bit wear Drilling Drilling Theoretical
Number . . - .
min height, mm | depth, mm | efficiency, m/h life, mm
1
. 30 1.78 1320 2.64 4449.44
(750 °C sintered)
2
. 30 1.22 1060 2.12 5213.1
(800 °C sintered)
3
30 0.57 915 1.83 9631.6

(850 °C sintered)

The suitable sintering temperature for the three Fe—Cu ratio powders is different
and mechanical properties rely on the Fe—Cu ratio. As the Fe content increases, the
mechanical properties are better.

Fe—Cu ratio has an important effect on the sintered matrix. The microstructure
of the matrix with a high Cu content present the character of dimple fracture. As Fe
content increases, the matrix show the character of trans-granular fracture. As the
Fe content increases, the diamond retention is enhanced.

For the medium to hard formation 65 % Fe—20 % Cu—15 % Co powder has the
best drilling performance. Elements match determines the service performance.
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Cnaasu Fe—Co—Cu eukopucmogyioms K memanesi Mampuyi H08020 NOKO-
JIHHAL 0I5 2e0N102TUHUX aamasziux oypie. Y yiit pobomi cunmeszosarno cnuasu Fe—Co—Cu 3 piznum
XIMIYHUM CKAAOOM 3 GUKOPUCIMAHHAM MemoOy CHIIbHO20 OCAONCEHHS, SIKI 32000M CHIKAIU NpU
pisnux memnepamypax. CmpyKmypHi, menjiogi 61acmugocmi nopowiKie i cneueHux mamepianie
susuanu piznumu memooamu. Penmeeniecoki oughpaxyitini docniodxcenns nokazanu, wo meepoi
PO3UUHU YUX CNIABIE YMBOPIOIOMbCA Ni0 Hac ChibHo20 ocadxcenns. Mikpocmpykmypa nonepe-
OHbO J1e208AHUX NOPOWIKIE NOKA3ANd, WO Nnpoyecy CHIKAHHA CRPUANU Henpasuivhi gopmu,
3’€0Hani mide cobot OpiOHI YACMUHKY, a MAaKodc Geauki niaowi nogepxwi. Tennosi egexmu
NONepeoHbO 1e208aHUX NOPOWIKIE OOCTIONCYBANU 3d OONOMO20I0 OUPePeHyianbHOi CKAHYI04ol
Kanopumempii. Onmumansry memnepamypy CRIKauHs Ol KOJICHO20 HONEPeOHbo 1e208AH020
NOPOWKY OYN0 6USHAYEHO MeXaHiuHuM ananizom. Pesyibmamu CKaAHyl04020 eneKmpoHHO-
MIKPOCKONIYHO020 QOCTIONCEHHS NOKA3VIOMb, Wo ChiesioHowenHs cknady Fe i Cu cymmeso eniu-
HY0 Ha MIKpOCMPYKmMypy chevenux mamepianise, a cnaas 65 % Fe—20 % Cu—15 % Co mag naii-
Kpauje nOKpummisi NOGEPXHi AiMasHux Oypie. Bukonanus ceéepOninHs Oisi Mamepianié 3 pizHux
NONepeoHbo 1e208aHUX NOPOUIKI6 0YI0 NepesipeHo eKCHnepUMEeHMANbHO MIKpoOypinHam. LJi
pezyavbmamu cgiouame npo me, wo cnaas 65 % Fe—20 % Cu—15 % Co mae onmumanshi nokaznu-
KU ON151 3ACMOCYBAHH 8 2€002IUHUX AIMAZHUX OYPAX.

Knrwuoei cnosa: nonepeonvo 1ne208anutl NOPOWIOK, CHIKAHHA, Memoo
CRILHO20 OCAOIHCEHHSA, 2e0]I02IYHULL alMa3HUlL OYD.

Cnnasvl Fe—Co—Cu ucnonb3ylomcs Kak Memauiudeckue mMampuybl HO8020
NOKONEHUsL 0TI 2e0]I02UHeCKUX AIMa3HuiX 6ypos. B smoil pabome cunmesuposanvl cniaewl Fe—
Co—Cu ¢ pasnmuyHbIMU XUMUYECKUMU COCMABAMU C UCHONb308AHUEM MEMOOd COBMECHIHO20
ocadxcoeHus, Komopule 8nociedcmsue cnekaiu npu pasiuynelx memnepamypax. CmpyxmypHoie,
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Mmenogole C8OUCMEA NOPOUIKOS U CNEHEeHHBIX MAMEPUATIO8 U3YYALU PA3HbIMU Memoodamu. Penm-
2eHOBCKUEe OUPPAKYUOHHBIE UCCLeO08AHUSL NOKA3AAU, YMO MEepoble PACMEOPbL IMUX CHIABO8
00paA3yIOMCs 60 8PeMsi COBMECMHO20 ocaxcoerus. Mukpocmpykmypa npeosapumenbHo ecupo-
BAHHBIX NOPOUWIKO8 NOKA3AA, YMO NPOYeccy CNeKaHus CROCOOCME08AIY HENPasuibHble Qopmbl,
coeOuHeHHble MexHcoy co00ll MenKue 4acmuyvl, a makdce O6onvbuiue Naowaou NOEepxXHOCMU.
Tennosvle 3¢hpexmuvl nped8apumenbHo 1e2UpOBaAHHBIX NOPOUIKOE UCCLe008ANU C NOMOUBIO
ougpepenyuanvroil ckanupyrowel Karopumempuu. ORMUMATLHYIO MeMNepamypy CheKaHus
0J151 KAdC0020 NPed8apumebHo 1e2upo8anHo20 NOPOWKA ONPeOesiiu MEXAHUYECKUM AHATUZOM.
Pesynomamor  ckaHupyiowe2o 31eKmpoHHO-MUKPOCKONUYECKO20 UCCIe008AHUSL NOKA3ZbIGAIOM,
ymo coomuouenue cocmasa Fe u Cu cywjecmeenno nosiusano Ha MUKpOCmMpyKmypy CHe4eHHbIX
mamepuanos, a cniag 65 % Fe—20 % Cu—15 % Co umen nyuuiee noxpuimue nogepxXHocmu aimas-
HbIX Oypos. Buinoanenue ceepienusi Ojisi MAMePUAios U3 pasHvlx NPeosapumesbHo 1e2upo6aHHbIX
NOPOWKO8 ObLIO0 NPOBEPEHO IKCHEPUMEHMANbHO MUKpOOypeHuem. Dmu pe3yivmamvl ceuoe-
menvcmeyom o mom, umo cnaae 65 % Fe—20 % Cu—15 % Co umeem onmumanvHvle nokasamenu
OJ15 RPUMEHEHUSL 8 2e0JI02UHEeCKUX ATMA3ZHbIX OYPSIX.

Knrouesvie cnosa: npedsapumenvro 1e2upoSanublll NOPOWIOK, CHEKaHue,
MEMoO COBMECHHO20 0CANCOCHUSL, 2C0JI0SUYECKULL AIMA3HbIL OYD.
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