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Abstract

Purpose: The main objective of the presented is to elabothéefabrication technology of
novel sintered tool gradient materials on the badi®iard wolfram carbide phase with cobalt
binding phase, and to carry out research studiegshenstructure and properties of the newly
elaborated sintered tool gradient materials.

Design/methodology/approach: The following research studies have been carried tou
elaborate a new group of sintered tool gradientenials, wolfram carbide with cobalt matrix,
to elaborate their fabrication technology and totetenine their structure and properties: a
fabrication technology of mixtures and the formatiechnology of wolfram carbide gradient
materials with cobalt matrix WC-Co was applied agldborated; sintering conditions were
selected experimentally: time, temperature andesimgg atmosphere as well as isostatic
condensation, ensuring the best structure and pt@se phase and chemical composition of
the sintered gradient WC-Co materials was deteealinising EDX, EBSD methods and
qualitative X-ray analysis; the structure of sirgdr gradient WC-Co materials was
investigated using scanning microscopy and transionis electron microscopy; mechanical
and physical properties of sintered gradient WC-@aterials was determined: porosity,
density, hardness, resistance to abrasive weaistasce to brittle cracking.

Findings: The presented research results confirm that thelnelaborated technology of
powder metallurgy, which consists in sequentialticmpof the moulding with layers having the
increasing content of carbides and decreasing cotragon of cobalt, and then sintering such
a compact, ensures the acquisition of the requstadcture and properties, including the
resistance to cracking and abrasive wear of tochdjent materials, due to earned high
hardness and resistance to abrasive wear on thiasairas well as high resistance to cracking
in the core of the materials fabricated in suchayw
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Practical implications. The material presented in this paper is charaeedi by very high
hardness of the surface and relative ductility leé tore. TGM with smooth changes of the
cobalt phase in the material.

Originality/value: The obtained results show the possibility to mactufe TGMs on the basis
of different portions of cobalt reinforced with ldaceramics particles in order to improve the
abrasive resistance and ductility of tool cuttingterials.
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1. Introduction

A rapid development of the industry, technology &ndw-how induces the introduction of
higher standards to meet the requirements whictcéimeented tool materials have to satisfy
with respect to mechanical properties and resistémevear. The functional properties of many
products and of their components depend not onlyhenability to transfer mechanical load
through the whole active section of the componentits physicochemical properties but also
on the structure and properties of the materiaé ddmmon fault of the operating tools is their
tendency to crack, which in most cases eliminagettiol from further service, and the wear
gradually and progressively diminishes its operptefficiency. Hence the resistance to
cracking is a basic property, since the occurrexfominute microstructural defects results in
the formation and propagation of cracks, whereagéahistance to wear stays unchanged [9,21,
39,49,58].

A considerable share of cobalt matrix results ighhductility of the core, since the
propagation of a crack through cobalt is connectéth the dissipation of relatively high
energy. In contrast, transcrystalline cracks thtoagrbide grains have the character of low
energy brittle cracks. The combination of high Ime&ss and resistance to abrasive wear with
high resistance to brittle cracking is unobtainalie one homogeneous material. The
acquisition of tool materials (Tool Gradient Magdsi (TGMs)) fabricated with the use of
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powder metallurgy method, in effect of the gradiehainge of binding cobalt phase and the
reinforcing phase of wolfram carbide, aims to sdive problem involving the combination of

high hardness and resistance to abrasive wear higfn resistance to brittle cracking, and

consequently, to ensure their optimal synergy wjtkrating conditions. The cutting edges of
drill bits should combine in themselves these twotadictory properties where the surface
layer is resistant to abrasive wear and the basé&sacterized by raised resistance to brittle
cracking (Fig. 1) [1-10,17,23,33,60].

WC Co

Figure 1. Diagram of the cemented tool gradient material][49

One of numerous methods facilitating the fabricatmf tool gradient materials is the
technology of powder metallurgy. Through the amilan of the powder metallurgy
technology for the fabrication of tool gradient evédls we can closely control the chemical
and phase composition as well as the structureadfcplar material layers [34-36,60]. In the
Institute of Engineering Materials, at the Divisiaf Materials Processing Technology,
Management and Computer Techniques in Materialensei research studies have been
carried out for several years yielding the elaborabf a fabrication method of tool gradient
materials with the application of powder metallutgghnology [23,34-49,50,53-56,59]. The
desired material structure was obtained by the gedipn of appropriate mixtures from the
powder of wolfram carbide and cobalt, selection o$uitable pressing pressure and
technological conditions of cementing.

The objective of the presented here is to elabaaafi@rication technology of the newly
developed cemented tool gradient materials on &iséstof hard phase of wolfram carbide with
the cobalt binding phase, and to carry out resesttadies on the structure and properties of the
newly elaborated cemented tool gradient materials.
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2. Experimental

2.1. Material and preparation of specimensfor analysis

The analysis was carried out on specimens prodwitd the conventional method of
powder metallurgy which consists in compacting inl@sed moulding the successive, added
layers having a gradually changing volumetric shafreobalt and wolfram carbide. In the
research studies, we applied the powders of wolftarbide (Fig. 2) and of cobalt (Fig. 3),
having the chemical properties presented in Tabl&Hen selecting the material, we accepted
the requirements involving its application in agnest with the Standard PN-ISO 513:1999.

Figure 2. Wolfram carbide powder

The material for analysis was being prepared indtages. In the first stage of the studies a
set of mixtures of different chemical compositioasaelaborated, and then the compacts from
wolfram carbide with cobalt matrix were formed, ting the moulding with successive layers
of variable phase composition (Table 2). The s&lacbf chemical composition of the
materials was made experimentally through the oharigobalt concentration as the binding
phase within the range from 3 to 15% and the sbareolfram carbide from 97 to 85%. The
formation of the wolfram carbide and cobalt powdektures consisted in the preparation of
appropriate portions of the said powders, addirghaane paraffin as a sliding agent of the
volumetric share of 2%. The powders prepared is thay were ground within the time
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interval from 1 to 20 hours in a high-energy milthwceramic balls (Fig. 4) and in a planetary
ball mill with the balls from cemented carbides rder to make the powders
homogeneous/uniform (Fig. 5). It was determinedratthe preliminary analyses that the time
of 8 hours is long enough to ensure the homogemditjre mixture and to coat the carbide
grains with a cobalt layer.

Figure 4. Mixture of WC powder (97%), Co powder (3%) aftérairs of milling in the high-
energy mill of the spex type

Structure and properties of sintered tool gradieaterials 93
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Figure 5. Mixture of WC powder (97%), Co powder (3%) aftdrdirs of milling in the ball
mill

Table 1. Chemical composition of powders from wolfram d@etand cobalt

Mass concentration of particular elements in theqey
Element
wC Co

Mn <0.001 <0.001
Ca <0.001 <0.001
Zn <0.001 <0.001
Si <0.002 <0.002
Pb <0.002 <0.002
Ni <0.002 <0.002
S <0.002 <0.002
Cu <0.002 <0.002
o 0.45 0.45
Co 0.09 -

C 0.02 0.02

Using the obtained mixtures, WC-Co compacts weepaed for analysis in which, from
the surface side of the layer, successive traagirs were formed with progressively lower
share of wolfram carbide down to the base. The spiresduring the pressing was being
selected experimentally, pressing the powders @hosed moulding on a uniaxial hydraulic
press under the pressure changing within the rdrga 300 to 450 MPa. The pressing
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pressure was being selected by testing the deasific of the powder mixture and observing
the metallographic compacts. Ultimately, the pressaf 340 MPa was selected for further
analyses.

a) b)

Figure. 6. a) Compact pressed under the pressure of 340M#ta the 3-7%Co/97-73%WC_5
material, b) cemented tool material 3-7%C0/97-93%\WC

The compacts prepared in this way were charactebyesmooth surface and had no signs
of cracking, delamination or chipping (Fig. 6). Tdenotation of specimens and the volumetric
share of the particular components in the mixtangréesented in Table.2.

The cementing of the produced compacts was caoigdin a vacuum furnace at the
temperature Tsp=1450°C (Fig. 6b). Then, basinghenptreliminary macroscopic observations
of the sinters and on the porosity and densitystestsuming low porosity and high density as a
selection criterion, a four-layer material contagirom 3 to 9% of Co and from 97 to 91% of
Co was selected for further research. During tHecten process we were also taking into
account the structure demonstrating uniform distidn of particular components in a given
layer and the lack of surface deformation of thatesi It was found, basing on preliminary
metallographic observations and on the analysegradlient porosity and density of tool
materials having different number of layers andedént phase composition of particular
layers, that an excessive rise of the phase shfiezethice between successive layers of the
material has a negative influence on the struauarkproperties of the material.

Table 2. Denotation of WC-Co tool gradient material spesis

Denotation 3-15Co/97- 3-9Co/97- 3-7Co/97- 3-15Co/97-
85WC_3 91WC 4 93WC_5 85WC_5
3%Co+97%WC 3%Co+97%WC 3%Co0+97%W(J 3%Co+97%WLC
9%C0+91%WC 5%C0+95%WC 4%C0+96%W( 6%C0+94%WLC

Material type 15%Co0+85%WC 7%C0+93%WC 5%C0+95%W( 9%Co0+91%WIC

9%C0+91%WC 6%C0+94%WC 12%Co+88%WC
7%C0+93%WC 15%Co+85%W(

Structure and properties of sintered tool gradieaterials
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Figure 7. a) Mixture of WC powder (97%), Co powder (3%) m@tdours of milling in a ball
mill, b) Intensity graph as the function of the myyedispersion intensity of X-ray radiation for
the WC powder (97%), Co powder (3%) after 8 hodinsiding in a ball mill

The second stage of research involving the apptigterial fabrication technology
consisted in milling the selected mixtures of walfr carbide and cobalt in a ball mill with
carbide balls for 8 hours (Fig. 7). The producedigber mixtures were then scattered down into
the moulding, which yielded layers of gradually mbing volumetric concentration of cobalt
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and wolfram carbide share. In the material of tldumetric concentration of 3% Co and
97%WC in the surface layer, four further transyelies were formed with the 2% rise of cobalt
concentration, down to the base layer containing &€o and 91% of WC. Hence the
denotation of the specimen being 3-9C0/97-91WC abld 2). The compacts were obtained in
effect of the pressing at the already determinedgre of 340 MPa.

Then, basing on literature analysis [12-19, 28-8P-49, 53, 59], cementing conditions
were selected experimentally. The specimens wergeoted in a vacuum furnace in the
conditions presented in the Table 3. In order ttaiobbetter densification level, after the
ultimate cementing, the condensation of sintersugh hot isostatic pressing — HIP) was
applied at the temperature of 1425°C and underptiessure of 200 MPa, as well as the

sintering technology under pressure (Sinter-HIPjhattemperature of 1420°C and under the
pressure of 6 MPa (Table 3).

Table 3. Cementing conditions for the newly elaborated tpaldient material 3-9%Co/97-

91%WC
) Cementing conditions
Cementing type
tsp [Min] Tsp
1400°C
Unbound 30 1430°C
1460°C
1400°C
With isostatic condensation 90 1430°C 1425°C
1460°C
Under pressure 60 1420°C

In one apparatus and in one cycle the processetemdraffination, cementing and hot
isostatic condensation in argon atmosphere undemthssure of 6 MPa were carried out.
Then, for the obtained tool gradient materials, ath@graphic tests were carried out, physical
and mechanical properties of the sinters were aéexd and the distribution of eigen-stresses
in the material after sintering and during the atien were analyzed.

2.2. Methodology

The density of the cemented tool gradient materias determined in congruence with the
Standard PN-EN 1SO 3369:2010. The density of theess was measured using the methods of
underwater weighing and air weighing. The resuksensubjected to statistical analysis.
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The measurement of open and total porosity wagechout using the following equations:

x100%

P my
M. 2.1)

m-m
m, =

where:

Po — open porosity [%)],

ms — mass of dry specimen [g],

m,, — mass of underwater weighed specimen [g],
m, — mass of water saturated specimen [g].

C

d-d
P.= 2 x100%
d (2.2)

where:

P, — total porosity [%0],

d — true density of the material [g/8m
d, — apparent density [g/cin

The metallographic tests were carried out on petiskections of the cemented specimens.
The specimens were sectioned along the plane pdigqudsr to the formed layers on the cut-off
machine “Minitom” (Struers), using water cooling.héh they were hot mounted in
thermohardening resin, ground on diamond shields@fjrain size from 220 to 1200 pum/mm
at the speed of 300 rev/min and polished on dianp@sdes of the granulation from 9to 1 um
at the velocity of 150 rev/min.

The structure of the fabricated WC-Co tool gradimaterials was observed in the scanning
electron microscope Supra 35 (Zeiss Company). Taimlihe images of the investigated
specimens, we applied the detection of secondaotrehs (SE) and of backscattered electrons
(BSE) with the accelerating voltage from 5 to 20 &wl with the maximum magnification of
20000 times. The quantitative and qualitative X-myalysis and the analysis of surface
distribution of elements was carried out on theugtband polished sections in the scanning
electron microscope (SEM) Supra 35 of Zeiss Complamngished with the X-ray energy-
dispersive detector EDS.
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The texture, grain size and their orientation distion along the cross-section of WC-Co
tool gradient materials was determined using thectidn Backscatter Diffraction method
(EBSD) in the scanning electron microscope Supraf3&eiss Company (Fig. 8). Before the
testing the specimens were subjected to long-aginding and then polishing with small
thrusts using the Sisuspension of the granulation of 0.04 um. Theysmawas carried out
with the magnification of 4000x, scanning range46fum x 40 pm, step of 100 nm in four
measurement points of the material. In order torawp the image of Kikuchi diffraction lines,
the image and background were subjected to aveyagihe detachment of background is
aimed to eliminate all intensity gradients presamtthe image and to improve the contrast of
diffraction lines, since the algorithms identifyitige qualities are more efficient in the case of
images having uniform, averaged intensity [29,44], The pattern of Kikuchi lines is defining
the orientation set-up of each of the investigatéctoareas dependent on the crystallographic
orientation. The diffractions were solved usingragoam with the application of algorithms
allowing for the diversification of Kikuchi linesrpperties such as width, length, contrast

against the surroundings and brightness.

System EBSD

Xy

Camera CCD Image analisys

3

Orientation

«— —

yYy

- i) )| &0

e Microscope

Figure 8. Flow-chart of EBSD system

The analyses of phase composition of cobalt oridarpowders and of cemented gradient
materials were carried out with the applicationtlod X-ray diffractometer X'Pert PRO of
PANalytical Company in the Bragg-Brentano systesing Ko ray filtering of the cobalt tube
with the voltage of 40 kV and filament current & B)/A. The measurement of the secondary
radiation intensity was carried out within the anghnge ® from 30 to 120 with the step of
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0.05° and calculation time of 10 s using the sliepector Xcelerator in the geometry of grazing
incident X-ray diffraction technique with the apggation of a parallel-beam collimator before
the proportional detector.

The diffraction tests and the analyses of the turecof thin foils from the selected places
on the specimens from cemented tool gradient nadgewere carried out in the transmission
electron microscope (TEM) JEM 3010UHR of JEOL Compawith the accelerating voltage
of 300 kV. Thin foils were prepared from 1mm thisinters cut off on the MINITOM
precision cut-off machine from the cross sectiotheftool gradient material. The sinters were
subjected to semi-mechanical decrement of the ileisk of 80 um on the diamond shield of
the gradation of 220 pm/nfmand then to final decrement on an ion polishéngughe
apparatus of the Gatan Company. The thin foils gm&g in this way were investigated in the
transmission electron microscope, carrying outoibeervations in light field and dark field and
making the diffraction analyses. The diffractogranesn the transmission electron microscope
were solved with the Diphra computer program.

The hardness of the materials was determined ubmdickers method with the indenter
load of 10 and 300 N respectively. The operatingetdf the total loading force applied on the
indenter was 15 seconds. The measurement was ccaiealong the whole cross-section
width of the cemented specimens, starting the nmeasent 0.22 mm away from the external
surface of the surface layer and finishing the mesment around the base area.

The testing on abrasive wear was carried out vii¢happlication of apparatus designed in
the Institute of Engineering Materials and Biomaler of the Silesian University of
Technology (Fig. 9). The preparation of specimems dnalysis consisted in grinding the
surface on a diamond shield of the grain size ®012m/mmi to ensure flat and even surface.
On the specimens produced in this way the teste warried out using a counter-specimen
made up by a ceramic ball A); of the diameter of 5.556 mm. The tests were chiig with
a diversified number of cycles 1000 and 5000, whiahslates itself respectively into 4 and 20
m, and with different loading 2.5 and 10 N. Dudhe combination of the assumed in this way
testing conditions, four results were obtained floe surface layers of each investigated
specimen, whereby the abrasive wear could be detednThe same set of tests was carried
out for the particular materials of the base, dmehtthe respective measurement results were
compared to verify the influence of the structuradient on the functionality properties. The
extent of wear was determined basing on geometeasorement of the wear and calculating
its volume. The decrease of volume as the indinatib absolute wear is applied when the
decay of mass is too small and difficult to estienpt8]. The observation of wear was also
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carried out on the confocal microscope LMS 5 Exaited in the scanning electron microscope
(SEM).

movementdirection
-~

load

investigated

counter-specimen .
P specimen

table

Figure 9. Diagram of the apparatus for testing the resiseiw abrasive wear

Figure 10. Diagram of the cracking system obtained with iskeethod — Palmqvist method
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The tests involving the resistance to brittle cragk(K,c) were performed in congruence
with the Standard ISO 28079:2009, making use ofRtkenqgvist method (Fig. 10). The tests
were carried out on the appropriately prepared ispats, polished to eliminate surface
stresses which had been introduced to the hardcguthyer through the gradation of chemical
composition of the material, and then etched in Mhaakami reagent of the composition
([KsFe(CN) + KOH + H,0]) to ensure a precise read-out of the crackingtke

The following equations were applied to determime k¢ coefficient:

1854x P

H=——
1.2
[(d1+d2)x§)]

[N/mm?] (2.3)
where:

P — applied load [N],

d;, d, — length of the imprint diameter [mm].

T =1, +1, +1, +1,

(2.4)
where:
T — the total of cracking lengths [mm].
Kc=AJH X\F
T [MNm?#] (2.5)

where:
A — constant 0.0028.

The results of the investigation studies involvihg density, porosity, hardness, abrasive
wear and brittle cracking were subjected to staistworkout, calculating for each of the
measurement series the arithmetic average, stamgaidtion and the confidence interval of
the average value at the significance level 0.05. For the measurement results of hardness
and brittle cracking of the cemented tool gradiesaterials, the linear correlation factor was
calculated and its significance test was carried dhe said characteristics were determined
using the module ‘Data analysis’ available in Mot Excel.

Also the regression function was determined whichgproximating the dependence of the
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investigated output variable Y (e.g. material hasinor microhardness) on the input variables
Xi (e.g. volumetric share of cobalt or temperature)

In the tests on the tool gradient materials of iclrbthe finite elements method was applied
for the computer simulation of eigen-stresses @radns of material operation [13, 18, 31-35,
53-56]. The true model of the tool gradient matenias designed in the program Inventor 11,
and the strength analysis was carried out usingptbgram ANSYS 12.0. On account of the
predicted simulation range, parametric input filese elaborated which allow to carry out the
analysis comprehensively.

In order to carry out the simulation of eigen-stess of the tool gradient material, the
following boundary conditions were accepted:

« the change of cementing temperature is reflectethbycooling process of the specimen
from 1400, 1420, 1460°C to the ambient temperattiz2°C,
- for the fabricated material, the material propertizere accepted basing on the

characteristics cards of MatWeb catalogue whicheveeesented in Table 4.

Table 4. List of mechanical and physical properties accdptethe computer simulation of
eigen-stresses occurring in the fabricated mates@isisting of four layers of a difference
share of wolfram carbide and of different cobalbcentration [48, 61]

Phase composition of the layers of tool gradientenia
Properties
3%Co0+97%WC | 5%Co0+95%WC  7%Co0+93%WC 9%C0+91%WC
Young modulus
(Paj1C 665 640 615 590
Poisson factor 0.2809 0.2815 0.4774 0.5338
Density 15.4 15.1 14.8 14.5
[kg/m?10° ' ' ' '
Thermal expansion
[1/C] 10° 4.1 4.3 4.5 4.7
Thermal
conductivity 98 90 82 76
[W/ Mc]
Specific heat
[3/kgC] 138.7 144.5 150.3 156.1
Resistivity (specific
resistance) 5.4252 5.442 5.4588 5.4756
[Qm]
Tensile strength 1670.75 1641.25 1611.75 1580.25
[Pa]10
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The model whereof the objective is to determineceigtresses of tool operation was
worked out using the finite elements method, assgnthe true dimensions of the specimen
(Fig. 11), where: the first layer — 3%Co0+97%WC, seeond layer — 5%Co+95%WC, the third
layer — 7%Co0+93%WC, the fourth layer — 9%Co+91%WC.

Figure 11. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and of different cobalt concentoati

The true model was subjected to digitization (Rig). The calculation model consists of
4968 nodes and 760 elements.

I

i
Hﬁl
i
il
1
I

Figure 12. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and different cobalt concentratifiter digitization

For further simulation the same model was appliéth ihe addition of the following

boundary conditions:

« the sinter was fixed on one of the sides of theidaked material by depriving the nodes
lying on this plane of all degrees of freedom (Hig),

« the force of 26000 N was applied which was reftegthe operation of the tool (Fig. 13).
The computer simulation was carried out in threges:

» the first stage involved the simulation of eigeresses of the sinter consisting of four

layers of different share of wolfram carbide andoald depending on the cementing
temperature,
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» the second stage included the comparative anaf$iee computer simulation of the eigen-
stresses of the tool gradient material with theegixpental results,
« the third stage involved the computer simulatioropération strains of the fabricated tool
gradient material applied for example in mining hiaery.
The model whereof main objective is to determirgeristresses of the fabricated material
was made using the finite elements method, assuthiagrue dimensions of the specimen
(Fig. 13).

Figure 13. True model of the fabricated material consistifidonr layers of different share of
wolfram carbide and of different cobalt concentoatiwith the applied boundary conditions

In order to verify the obtained results experiméytdrough the modeling with the finite
elements method on the basis of measurements c¢aieby means of X-ray spectrometry,
the true eigen-stresses in the investigated métenare calculated. The calculations were
carried out with the use of $in method, basing on the brand-name program X'PegsSt
Plus. The program has a data base with data im#ge to calculate the values of material
constants. Then, the comparative analysis of coenpsitnulation with experimental results
was carried out.

3. Results

3.1. Structure, phase and chemical composition of the elaborated gradient
materials

Irrespective of the type of cemented materialsjrtig@od properties depend on the
fabrication and preparation of powders, forming aedhenting conditions. In the cementing
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process we cannot eliminate potential faults witizh be brought about during the preparation
of powders or during their formation, and therefe@ch of the fabrication stages has a
considerable influence on the properties of thalfjproduct. An appropriate preparation of
powder mixtures of homogeneous distribution of W&Ebide in cobalt matrix is relevant in
view of further pressing and cementing of tool matse. The experimental research
demonstrated that the grinding in a high-energy yiglds exceptionally good results as early
as after 8 hours. The mixture of powders is formmgmerous conglomerates but it is
homogeneous, and the cobalt grains surround the dat@Gides. The mixture of WC-Co
powders after grinding in a ball mill over the satimae period is also homogeneous with
locally occurring large carbides of the size of b6 um which were not fully powdered
during the grinding process (Figs. 14, 15).

Irrespective of the applied mill, the rise of grimgl time to 20 hours has only slight
influence on grain comminution of WC carbide, arhd¢e the grinding time of 8 hours was
accepted as optimal.

i 5.0pm

Figure 14. Powder mixture WC (95%), Co (5%) after 8 hourgrriding in a ball mill

For the formation of powders we applied a mouldémabling the pressing of specimens
designated to three-point bending after cementifige prepared powder mixtures of the
changing share of WC carbide and appropriate cdrateon of cobalt matrix were being
ground adding paraffin of the 2% volumetric shaveréduce the friction between powder
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grains and between powder and moulding during tessing process. Due to small grain size
of cobalt and WC carbide, having the average sfz@maximum 6 pm and connected with it
poor flow rate of powder, the formation of furtHayers of powders mixture of the changing
phase share is technologically difficult, and tlfiere it was agreed that maximum four layers
would be formed. Commercial mixtures of WC-Co poredare prepared in the form of
granulate of the granulate size of about 0.1 mmd, they are characterized by flow rate of
about 30 s. The tests on the flow rate of the predumixture was not successful since the
powders did not pass through the designed for tegtk Hall funnel. In spite of poor flow rate
and low bulk density of the powders mixture, thenpacts were characterized by sharp edges
and did not exhibit cracks or chipping. Fig. 16,iebhpresents the compact, illustrates the
borders between successive layers. The pressingcarsied out within the pressure range
applied in the industry from 300 to 450 MPa, andezimentally the pressure for pressing was
determined at 340 MPa.

Figure 15. Powder mixture WC (91%), Co(9%)

In order to consolidate the powders we applied unbosintering, sintering with isostatic
condensation or hot isostatic pressing. For theound sintering and for the sintering with
isostatic condensation we applied the temperatuig@0, 1430 and 1460°C. The hot isostatic
sintering was carried out at the temperature 001@2
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a)

b)

3-9%Co0/97-91%WC_4

Figure 16. a) Compact pressed under the pressure of 340 MPsintered tool material

The sintering methods were selected basing onedbelts described in works [12,20-23,
28,30,43,60] in which, very frequently, for econcalireasons or to simplify or accelerate the
technological process of the fabricated tool matsripressing and sintering is combined into
one operation. It involves pressing in raised tenmjpge or sintering under pressure. The
material obtained in this way is not much poroud @s physical and strength properties are
considerably better as compared to separate opesatdf pressing and sintering [18-
20,28,35,52,61]. Irrespective of the phase comjpwsif the specimens it can be observed that
all materials were deformed after sintering. Undedly, one of the reasons of this
deformation is non-homogeneous density of the campdumerous pores in lower layers of
the compact get condensed during the sinteringhemde there is a great contraction in this
area. We can observe that the deformation of teeisen in which the phase share of WC
powder is changing from 97% in the external lay®i85% in the layer around the core is
higher (Fig. 17) as compared to the specimen irthwtiie phase share of WC is changing from
97 to 91% (Fig. 16).

Figure 17. Sintered tool material 3-5%C0/97-85%WC_5

Therefore, in the further studies, we were usingcsBpens in which the share of WC
carbide was changing from 97% in the external laged1% in the layer around the core. The
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appropriateness of the phase composition selectetiis way has been confirmed by the
research results involving the tests on hardnesssity and porosity. Basing on the
measurements of density and porosity of the sintergas demonstrated that the sintered tool
gradient materials based on the powders of wolfcanbide and cobalt are characterized by
higher density and lower porosity after sinteringhvisostatic condensation as compared to the
materials after unbound sintering. Analyzing théluence of technological conditions of
sintering on density and porosity, it has been destrated that the rise of density with the
simultaneous decrease of porosity is dependenteompdrature, time and technological

conditions of sintering (Table 3).
Figures 18-19 present X-ray diffractograms fromitheestigated tool gradient materials of

WC-Co type. The research studies confirmed theepias of phases corresponding to each
material type. The X-ray diffractogram contains tleflexes from WC phases and reflexes

from Co of the hexagonal structure.
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Figure 18. Results of X-ray qualitative phase analysis of gwadient materials 3-9%Co/97-
91WC_4, sintered in a vacuum furnace at temperalyyel460°C and subjected to isostatic
condensation atg=1425°C

Basing on the density measurements of the sintetkeonewly elaborated tool gradient
materials with cobalt matrix, it was found that thighest density is exhibited by the sintered
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material with the use of hot isostatic condensatind sintering under pressure. The density of
materials obtained in effect of sintering with thee of hot isostatic condensation at the
temperature of 1460, 1430 and 1400°C is respeyti?dl60, 14.19, 14.16 g/émand the
density of materials subjected to unbound sinteabghe temperature of 1460, 1430 and
1400°C is respectfully 12.96, 13.79 and 14.42 d/dnalyzing the influence of technological
parameters of sintering on density, it was foundt tthe density is increasing with a
simultaneous decrease of porosity with the risgneé and temperature of the process.
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Figure 19. Results of X-ray qualitative phase analysis of ggadient materials 3-9%Co/97-
91WC_4, sintered in the vacuum furnace at tempegali=1430°C and isostatically
condensed atg=1425°C

The presence of cobalt in the material resulthéformation of liquid phase which during
the sintering brings about the formation of low-timg eutectic phase. In this process it is most
difficult to maintain the gradient which has a tendy to fade due to the oriented mass
transport. In order to avoid such a phenomenonjgh-temperature synthesis with short
sintering time is applied [4,15,19,20,53,55,61].

Since most of the infusible grains in the matdngale the size from 2.5 to 3 micrometers and
the dissolution process involves only a small portf their volume, therefore the final product
consists of great oval grains of the basic phasadbby the unified liquid phase (Fig. 20).

In spite of low volumetric share of cobalt, at higmtering temperature this phase is
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melting and is partially dissolving the surface/€ carbides. Hence the rise of the volumetric
share of liquid phase i.e. low-melting eutecticsmtythe sintering process, which moistens the
WC solid phase (Fig. 20). In effect of the above tapillary forces occurring around grain
borders decrease the volume of the pore, increasitigs way the density of the material. The
liquid phase during cooling and crystallization waeses the form of small layers separating
solid grains (Fig. 20).

a)

b)

Figure 20. Layer structure a) surface layer b) bottom layégmadient the material
3-9%C0/97-91%WC_4 sintered in a vacuum furnacemperature J=1430°C and subjected
to hot isostatic condensation at the temperatupeId25°C
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Figure 21. Structure of gradient material 3-9%Co/97-91%W<Csidtered in the vacuum
furnace at temp. J=1400°C and subjected to hot isostatic condensaditiemp. §=1425°C,
the first layer: a) indexation of the diffractiori the Kikuchi line, b) map of grain size
distribution, c) diagram of grain size distribution

The research studies carried out with the use dbEBnethod confirmed that the newly
elaborated gradient material consists of basimgraf the components of WC and Co powders
in which, along the interphase border, there aremiorocracks or other discontinuities
(Fig. 21). The colored topography maps presentitystallographic orientation of the grains of
WC sintered carbides where the particular colorrighe WC grains denotes the normal
direction to the surface plane of each grain. Tleasarements of grain size show that the
average size of the grain ranges from 2.5 to 3 ki @1c). A considerable decrease of grain
size as compared to the input material (6 pm) meoted with the long-lasting milling of the
powders of wolfram carbide.
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b)

0.10 ym

Figure 22. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1460°C;
a) image in light field, b) image in dark field frothe reflexes (002)Co and (101)WC,
c) diffractogram from the area as in Fig. a, d)widn of the diffractogram from the Figure c

The method of X-ray quantitative analysis carriadt with the use of X-ray energy-
dispersive spectrometer EDS confirms the occurrefitiee element W, C and Co respectively
in the solid phase of wolfram carbide and in thedbig phase of cobalt in the particular layers
of the tool gradient material. The newly elaborateol gradient material is characterized by
compact structure due to the uniformly distribusddire of binding phase between the solid
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phase of carbide. It was also found that the pegjmar time of mixtures is sufficient enough to
ensure that the wolfram carbide grains are coatddombalt matrix.

a) b)

d)
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Figure 23. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1460°C;
a) image in light field, b) image in dark field frothe WC reflexes, c) diffractogram from the
area as in Fig. a, d) solution of the diffractogrdmom Fig. ¢

In effect of the research on thin foils fabricaiedthe transmission electron microscope
(Figs. 22-24), it was confirmed that the sinteredl tgradient materials contain the grains of
wolfram carbide and cobalt of the hexagonal netw@arkhe JCPDS file respectively no. 25-
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1047 and 05-0727). Cobalt as a binding phaseuiilthe space between WC grains, frequently
in the form of a thin layer between the neighbogagbide grains (Figs. 22-24).

a) b)

0.10 ym

0.10 pm

Figure 24. Thin foil structure from WC-Co sintered carbidéeafsintering at temp. 1400°C;
a) image in light field, b) image in dark field frothe reflex (101)Co, c) diffractogram from the
area as in Fig. a, d) solution of the diffractogrdram the Figure c

The observations involving the structure of thinlsfaFigs. 23, 24) show that in the
wolfram carbide grains there are many network flaimsparticular dislocation. A part of
dislocations and other network flaws can be browdfdut during the long-lasting milling of
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the powder, in effect of which crumbling and fraetwf WC grains is taking place. In some
WC grains there are subgrains whose disorientatiggie is from several to around a dozen
degrees. After the sintering process at the temyreraf 1400°C we found that in many WC
carbide grains there are thin sinters, most prgbabins, of the thickness from several to
several dozen nm These sinters are parallel toMBeplanes {010} and {110} — as in the
four-index Miller-Bravais denotation.

3.2. Mechanical properties and resistance to abrasive wear of the
elaborated gradient materials.

The measurement results involving HV hardness (F&$28) of the fabricated tool
materials of the growing share of WC carbide wigspect to cobalt matrix in the direction
towards tool surface are indicative of a graduak rbf hardness. The hardness of the
3-9%Co0/97-91WC_4 material sintered in vacuum, ddjpenon the sintering temperature, can
be placed within the range of 1390-1460 HV in theface layer and is decreasing, with the
rise of the distance between the measurement poititthe external surface of the surface
layer, to 1290-1330 HV in the base (Fig. 26).
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Figure 26. Diagram of regression function describing the rilatof HV1 hardness,
volumetric share and sintering temperature for tingterial 3-9%Co0/97-91%WC_4
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Figure 27. Diagram of regression function describing the degence of hardness on the
volumetric share of cobalt and sintering temperafuor the 3-9%C0/97-91%WC_4 material
subjected to sintering and hot isostatic condensatit the temperature of 1425°C in a vacuum

furnace

The hardness of the 3-9%Co0/97-91WC_4 material dteand subjected to isostatic
condensation at the temperature of 1425°C is witténrange of 1430-1470 HV in the surface
layer and is decreasing to 1300-1360 HV in the lBge 28). The hardness of the 3-9%Co0/97-
91WC_4 material sintered with isostatic condensatibthe temperature of 1420°C is within
the range of 1340-1400 HV in the surface layer iagrdkcreasing, with the rise of the distance
between the measurement point and the externacgudf the surface layer, to 1310 HV in the
base (Fig. 27). In effect of the carried out hasdntests we did not find any considerable
difference in hardness of the investigated matesalbjected to unbound sintering and those
with isostatic condensation.

The relation involving the changes of HV hardnelmaterials with the changing share of
Co phase, volumetric share and sintering conditieas described with the use of a regression
function. The value of the multidimensional cortila factor and that of its significance level
confirm the correct dependence of hardness onrgigteonditions and on cobalt present in
particular layers of the material.

Figures 26-28 present the diagrams of regressioatifins describing the dependence of
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hardness on the volumetric share and sintering ¢eayre (T) and on the function in the
planes defined by the values of input variablegietoer with confidence intervals at the
significance level ofa=0.05. The carried out measurements demonstratednfluence of
sintering technological conditions and volumetfiaie of WC-Co phases on the hardness of
the sintered tool gradient materials.

The research results involving the resistance ttldbicracking Kc of the sintered tool
gradient materials of different volumetric sharad€ and Co phases in each material layer are
presented in Figs. 29-30. The results involving Khefactor are indicative of a considerable
dependence between sintering parameters and tlstane® to cracking of particular tool
materials. The material 3-9%C0/97-91%WC _4 sinteadthe temperature of 1460°C
(Figs. 31-35) and the material sintered under presst the temperature of 1420°C is
characterized by high resistance to brittle cragkihhe average value of Kfactor of the
surface layer of the material is 15 [MNff] and of the base 18 [MNH].

Hardness, HV1

0.04 0.06 0.0 0.08 0.09

Co volume fraction

Figure 28. Diagram of regression function describing the degence of hardness on the
volumetric share of cobalt for the 3-9%Co0/97-91%\W@aterial subjected to sintering with

hot isostatic condensation at the temperatugg420°C

The average values of thecKactor of the material sintered at the temperatdr&420°C
are respectively 17 [MNi# for the surface layer and 19 [MNif for the base. The
dependence of K factor for the investigated materials of differ&@x concentration on the
volumetric share and sintering conditions is presgiy means of a regressive function. The
value of multidimensional correlation factor andtttof its significance level confirm the
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dependence of K factor on sintering conditions and volumetric cemication of cobalt in the
particular layers of the material. Figs. 29-30 presthe diagrams of regression functions
describing the dependence of-Kactor of the materials on the volumetric shaiatesing
temperature () as well as their sections in the planes defingthb selected values of input
variables, together with confidence intervals atdtgnificance level ai=0.05.

32

Koo [MBNsm ]

-

Co volume fraction

Figure 31. Diagram of the regression function describing degpendence of brittle cracking
on the volumetric share of cobalt for the 3-9%Ce2dP6WC_4 material sintered under the
pressure in a vacuum furnace at the temperatyel#20°C

The lack of distinguished difference of the Kactor in the surface layer and in the base of
materials sintered with isostatic condensation lbanexplained by too long sintering time,
resulting in partial or total decay of gradienusture.

The carried out microscopic observations of spenifnactures (Fig. 31) are characterized
by hollow systems and convexities, which displaykalky character of the fracture typical for
brittle materials.

The research results involving the resistance @hthterials to cracking show that the areas
rich in cobalt matrix are characterized by highey fdctor as compared to the areas rich in WC
(Fig. 32).

In order to compare the tribological propertiedhsf fabricated gradient materials, the test
on the resistance to abrasive wear was carriednotiite system ‘investigated specimen and
Al,O; ball’ as a counter-specimen. The results of theiedh out abrasive trial (Table 4) show
that the materials sintered with isostatic conagitn are characterized by much lower
abrasive wear than the materials obtained as & rfainbound sintering. The wear of gradient
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materials subjected to unbound sintering, dependamg the share of binding phase,
temperature, load and number of cycles is presént&dble 4.
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Figure 29. Diagram of the regression function describing dependence of brittle cracking
on temperature and Co volumetric share for the 328787-91%WC_4 material sintered in a
vacuum furnace
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Figure 30. Diagram of the regression function describing dependence of brittle cracking
on temperature, and on cobalt share for the 3-998C&1%WC_4 material sintered and
subjected to hot isostatic condensation at the &ratpre of 1425°C in a vacuum furnace
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The decrement of material is effected by the sejparaf particles due to micromachining
or scratching around the friction areas countecispen —material as a result of loose or fixed
particles of the abrasive material or sticking patticles of the uneven, hard carbide phase
(Fig. 33) [11, 39, 42, 44].

Figure 32. Structure of the fracture of the surface layetha 3-9%C0/97-91%WC_4 material
sintered in a vacuum furnace at the temperatupeIB60°C and subjected to hot isostatic
concentration at the temperaturg;71425°C in a vacuum furnace

Non-uniform width of the wear bespeaks of the ommre of wear which consists in
sticking of the waste material to the counter pecimvhich then breaks off in other places
causing local unevenness in the place where the igelower (Fig. 33). Using the X-ray
guantitative microanalysis carried out with the a§renergy-dispersive spectrometer EDS
along the wear path of the material the preseneduofinum and oxygen was confirmed, most
probably released by aluminum oxide,®@4 (Fig. 33), due to sticking of waste material te th
counter-specimen which then breaks off in othecgdacausing local unevenness around which
the wear is lower [9, 10, 17, 30, 44, 51, 55, &, 5

The measurement results involving the abrasive wafathe sintered tool gradient
materials of wolfram carbide with cobalt matrix drelicative of a gradient change of the
properties of the investigated materials, dependinghe share of binding phase. Therefore,
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the wear of gradient materials is conditioned bynyn&actors: the share of binding phase,
loading value of counter-specimen and also théidrigpath (hnumber of cycles).

3.3. Computer simulation of stresses, strains and displacements of the
fabricated gradient material depending on the sintering temperature

Figure 35 presents the results of numerical amalysing the finite elements method
gathered in the form of maps of stress distributiothe tool material consisting of four layers
of different concentration of wolfram carbide arabalt for the sintering temperature of 1400,
1420 and 1460°C. The elaborated model of the tdloa to simulate the influence of
sintering temperature on stresses (Fig. 35).

"

»

e

Figure 33. Wear mark of the 3-9%C0/97-91%WC_4 material seden vacuum at the
temperature of 1400°C and subjected to isostatitleasation at the temperature of 1425°C
after 1000 cycles with the load of 10 N in the base
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Table 4. Tribological wear of gradient material 3-9%Co/971%WC_4

Layer _— Load Number of Statistical quantities
. - _ :
denotation [N] cycles Arithmetic Standard deviation
average
g S 2.5 5000 4.05 x 1 0.36 x 1¢*
X
j; ™ 10 5000 11.63 x 1H 0.62 x 1¢*
. 1460
0o 25 5000 13.25 x 19 1.22 x 1¢*
=0
e
‘j;. & 10 5000 2341 x 1H 1.58 x 1¢*
0o 25 5000 5.43 x Th 0.29 x 10
=0
e
% ™ 10 5000 21.49 x 1H 1.71 x 1¢*
. 1430+1425
0o 2.5 5000 6.49 x IH 0.40 x 1¢*
=0
e
‘j;. & 10 5000 26.60 x 1H 2.80 x 1¢*
sy 20 »
oy {0 Stress value=123.2+24 4 MPa =30

1.1509
1.1508¢
1.1507

1.1506T

115054
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Figure 34. Changes of interplanar distance d of the refléi(2in the function of sfiy,

(18] 0.2

0.5

sindy

0.6

0.7

0o 1.0

sintering temperature of 1400°C, 3%Co+97%WC

The calculation results of eigen-stresses in thedtigated materials obtained on the basis

of reflex shift analysis (201) using the Sjinmethod carried out to verify the modeling results

are presented in Fig. 34 and in Table 5.
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Figure 35. The distribution of simulated eigen-stresses agegrin the cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature of 1400°C

Basing on the carried out investigation studiesas demonstrated that the highest stress
values are characteristic of the material sinterethe temperature of 1460°C. They occur in
the surface layer and equal 162 + 24 MPa, andithelated stresses equal 170 MPa. The base
is characterized by lower stresses as comparetietaipper layer. The stresses determined
experimentally equal 91+22 MPa and the simulatedsses 80 MPa. The lowest stresses
determined experimentally and with the use of campsimulation occur in the tool gradient
material sintered at the temperature of 1400°C. Vakie of these stresses determined
experimentally in the upper layer is 123124 MPaj éme value of simulated stresses equals
116 MPa. The calculated values of stresses in #se lare 41+9 and 36 for the simulated
stresses.

Table 5. Comparison of stresses obtained experimentally thie results of computer

simulation
Sintering Stresses determined Simulated
temperature, [°C] experimentally, [MPa] stresses, [MPa]
1400 123+ 24 116
Upper layer
39C0+97%WC 1420 1417 140
1460 162+ 24 170
1400 41+9 36
Bottom layer
9%C0+91%WC 1420 87110 80
1460 91 +22 80
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The results of eigen-stresses obtained with thepoten simulation using the finite
elements method are in agreement with the restiltdress measurements obtained with the
use of sify method (Table 5).

Figures 36-38 present the results of the computeulation of the fabricated material,
allowing for the mechanical loads simulating op@gtconditions (in mining or drilling
machines), gathered as the maps of shifts, staamidstresses distribution.
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Figure 36. Distribution of the simulated shifts occurringthre cutting edge of a tool consisting
of four layers of different share of wolfram carbidnd cobalt for the sintering temperature
Ts=1400°C
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Figure 37. Distribution of the simulated strains occurringtime cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature §=1400°C

It was demonstrated, basing on the elaborated mdtst through appropriately applied
technological procedures, it is possible to evakasile stresses in the surface layer of the
material, which will increase the resistance o thiaterial to the formation and propagation of
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cracks. The difference in the value of heat exgansbefficient in the material is introducing
tensile eigen-stresses on the surface of the rahtefier its cooling from the sintering
temperature to the ambient temperature.

146810
11416610
795276
448909
1025428
745269
5901860
-9,3654€9Mn

Figure 38. Distribution of the simulated stresses occurringlie cutting edge of a tool
consisting of four layers of different share of fnaoh carbide and cobalt for the sintering
temperature §~1400°C

Basing on the analysis of the obtained results: rgmothers such as hardness, brittle
cracking and abrasive wear it has been demonstth&tdhis novel method makes it possible
to fabricate tool gradient materials resistant boaaive wear with high resistance to brittle
cracking.

4. Conclusions

Basing on the analysis of the obtained results luing sintered tool gradient WC-Co
materials, the following conclusions have been idated:

1. In effect of the carried out investigation stud@sthe newly elaborated gradient WC-Co
tool materials fabricated with a novel technologynsisting in sequential coating of the
moulding with the layers of WC-Co powder mixturekthe decreasing share of WC
carbides from 97 to 91% in the direction from theface to the core and then pressing and
sintering the compacts, the thesis put forwarchenRhD dissertation has been proved, and
it has been demonstrated that the application efelaborated fabrication method for the
production of tool materials is fully grounded, dtee combining non-complementary
properties of these materials i.e. resistance tasate wear and brittle cracking, due to
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gradient structure of the fabricated material whiglthanging in the continuous way and
which is characterized by the rise of the sharbasfl carbide phase in the direction from
the core to the sinter surface and rising shabélt matrix concentration in the opposite
direction.

2. The applied fabrication method of sintered tool digat materials necessitates the
preparation of WC-Co powder mixtures through tHeirg-lasting milling during which
hard and brittle WC carbides of the average egeitatliameter of the grain of 6 pm
undergo fragmentation in effect of which their safter sintering does not exceed 3 um,
which has a positive influence on the resistanse to brittle cracking in the sintered state
of the fabricated tool materials to 19 MNfhas compared to 15 MK characteristic of the
sintered WC-Co materials containing 3% Co produgithlout gradient.

3. In effect of diffusion processes running during #ietering process, local unification of
phase composition in the joint areas is taking eldespite the laminar output structure of
the compacts fabricated by coating the mouldindhvgiiccessive powder mixtures of a
step-wise changing share of WC and Co concentraiwhthen pressing, the gradient of
changes of the final structure of the sinter isticamous and not step-wise as in the
compact, yet too long heating over 90 min at higtiesing temperature of 1460°C, in
particular during hot isostatic sintering, resut@ decay of gradient structure of the sinter
due to the unification of the phase compositiorhimithe whole volume of the sinter.

4. Hardness, resistance to abrasive wear and britdeking of the sintered tool gradient
materials are dependent respectively on the WCeshiad Co concentration as a binding
phase and on the conditions of technological pegplied for the fabrication of these
materials, i.e. milling of powder mixtures, formati of the compact and sintering, yet the
surface of the material is characterized by higtlhass of 1460 HV, due to high WC share
of 97%, and the core is characterized by highdstasce to brittle cracking 19 MNfff as
compared to the surface because of higher Co ctmatiem of 9%, with the difference of 4
MNm®2 between the K values on the surface 15 MNfhand in the core 19 MNTf.

5. Through the application of finite elements methosl ®an model eigen-stresses generated
in the newly elaborated tool gradient materialffect of sintering, having the influence
on the properties of these materials, and becawusestress values determined through
computer simulation are close to those determingzergmentally, it is well-founded to
apply calculation methods to estimate stressestardfaw conclusions about the trends
involving the changes of the properties of the stigated tool gradient material, which
necessitates further research.
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