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(typically water or oil) it requires an elec-

tric ally conductive workpiece [2].

Conventional oxide or non oxide structural 

ceramics, with some exceptions (B
4
C, TiB

2
, 

SiSiC) are non-conductive or semiconduct-

ing. Application of EDM, therefore required 

the development of tailored ED-machinable 

materials. Typically a non conductive struc-

tural ceramic (alumina, ZTA, silicon nitride, 

zirconia) represents the matrix material, 

the electrical conductivity is introduced by 

a percolating dispersion of a conductive 

material, typically a transition metal car-

bide nitride or boride [3]. Recently also 

low dimensional carbon allotropes such 

as graphene or carbon nanotubes were 

(pre-�red) state (e.g. dental crown and 

bridges). 

Machining can then be done by highly 

productive milling and turning operations, 

however the dimensional accuracy is limit-

ed, some geometrical features are not pos-

sible and a �nal machining step may still be 

neces sary [1]. 

Non-conventional or hybrid machining pro-

cesses such as EDM and Laser machining 

are documented in literature, are currently 

rarely applied, but may �ll the remaining 

gap which cannot be covered by the above 

mentioned processes.

EDM is a more or less force-free electro-

thermal machining technology which is 

independent of the hardness of the work-

piece. As the material removal is accom-

plished by melting or evaporation of ma-

terial induced by an electrical discharge 

between a tool electrode and a workpiece 

electrode separated by a dielectric �uid 
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Introduction
Due to the high hardness and abrasion re-

sistance of dense structural ceramics ma-

chining processes �nal conventional ma-

chining steps such as grinding, lapping and 

polishing are slow and costly and should 

be avoided or reduced to the ne cessary 

minimum. This leads to the surging �eld of 

additive manufacturing technol ogies which 

are capable of manufacturing customized 

components and conventional net-shape 

manufacturing technologies such ceramic 

injection moulding or die pressing which 

are typically applied in mass production. 

Conventional manufacturing of customized 

parts is typically performed by machining 

of cold isostat ically pressed blanks in the 

green state (e.g. hip joints) or in the white 
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Manufacturing of customised ceramic components of low dimensional 

tolerances and complex geometrical features with lot size one is a 

technological and economic challenge. If additive manufacturing 

technologies or conventional milling from blanks cannot deliver the 

required component strength or accuracy electric discharge machining 

(EDM) of ceramics present an attractive alternative as die sinking and 

wire cutting processes well established in metal machining can be 

applied. EDM requires electrically conductive workpieces so that the 

available ED-machinable ceramics combine a structural ceramic matrix 

with a conductive second phase such as a transition metal carbide, 

nitride or boride. The paper aims at providing some insight on materials 

with alumina/zirconia and partially stabilised zirconia oxide based 

matrix, their properties and machining features. 
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ical properties of various ED-machinable 

ZTA materials are summarised in Tab. 1.

The toughness of all these ZTA based com-

posites is moderate (~5 MPa√m), the hard-

ness (17–20 GPa) depends on the type and 

amount of the second phase. Highest hard-

ness was achieved with TiC followed by 

NbC and TiN. The improvement of process-

ing parameters (compare the �rst two ZTA-

TiC materials) is clearly visible in improved 

strength. ZTA-NbC generally showed the 

best strength values among all ZTA based 

materials.

Fig. 1 shows a typical microstructure of 

17ZTA1.5Y-24TiC (a. 24 TiC coarse = Di-

macer®) and 17ZTA1.5Y-28TiC (b. 28 TiC 

�ne). The three constituents are clearly 

visible. Titanium carbide grains are bright 

grey the oxide matrix consists of microsize 

alumina (black grains) and submicron zir-

conia grains (white grains). Using more and 

�ner TiC obviously not only decreases the 

tried [4]. The lower conductivity threshold 

to make machining feasible in principle is 

1 S/m, our own results show that several 

orders of magnitude more (~104 S/m) are 

necessary to guarantee good machining  

results) [5].

The materials designed for EDM were 

Si
3
N

4
-TiN and Y-TZP-TiN, later on ma-

ter ials such as Y-TZP-WC, Y-TZP-NbC 

and ZTA-TiC were introduced aiming at 

improving different features such as in-

creased hardness, toughness or strength 

or better machinability [6–10]. In various 

publicly funded projects the high perform-

ance ceramics group at IFKB in Stuttgart 

focused on developing new ZTA-NbC [11] 

and TZP-WC [12] materials. Complemen-

tary and equally important to the mater-

ials development suitable ED-machining 

parameters had to be elaborated, this was 

done in joint DFG projects with WZL/RWTH  

Aachen. 

ZTA based materials
The �rst ZTA based materials were devel-

oped in a AiF-ZIM Project in cooperation 

with Leroxid GmbH. The target application 

were tool inserts for injection moulding of 

abrasive feedstocks such as particle or 

glass �bre �lled polymers, or powder in-

jection moulding feedstocks containing 

ceramics or metals. These inserts should 

protect the metal moulds in locations where 

high wear was expected due to high rela-

tive speed or change in �ow direction. As 

these moulds experience some thermo cyc-

ling the coef�cients of thermal expansion 

of the steel mould and the ceramic inserts 

should not differ too much to avoid build-up 

of compressive residual stress or gaps be-

tween mould and insert depending on the 

geometric conditions. Hardness was also 

important whereas the strength and tough-

ness was not emphasized as no free stand-

ing structures were expected. The mechan-

Fig. 1  
Microstructure of ZTA-TiC, SEM images of polished and thermally etched surface: 
a) 17ZTA1,5Y–24TiC (Dimacer®), average TiC grain size 2,5 µm; 
b) 17ZTA1,5Y–24TiC, average TiC grain size 1 µm

Tab. 1  
Mechanical properties and electrical conductivity of hot pressed ZTA-based ED-machinable ceramics

Material***
Hardness HV10 

[–]
Young’s Modulus 

[GPa]
Bending Strength* 

[MPa]
Fracture Toughness** 

[MPa√m]
Electr. Conductivity 

[S/m]
Ref.

17ZTA1.5Y-24TiC 
Dimacer® 1960 399 600 5.2 5000

[10]

17ZTA1.5Y-28TiC 1970 365 750 4.7 9500 [13]

17ZTA1Y-28NbC 1870 375 875 4.9 65 000 [11]

10ZTA0Y-28TiN 1720 385 730 4.9 40 000 [14]

* four point bending (20/10 outer/inner span)
** ISB (indentation strength in bending) method
*** aZTAbY-cED denotes a ZTA with: a [vol.-%] zirconia, stabilised by b [mol-%] of yttria and c [vol.-%] of electrically conductive dispersion
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replaced by a very homogeneous popula-

tion of machining induced defects.

The surface quality in terms of mean sur-

face roughness Ra of ZTA-TiC materials 

cannot be drastically reduced by the trim-

ming operations [16]. The main cut leads 

to roughness values of Ra = 2,5 µm, ap-

plication of three further trim cuts reduces 

the roughness to ~1,7 µm. The reason for 

this behaviour is the ternary composition. 

Alumina melts at ~2050 °C and evaporates 

at ~3000 °C. Zirconia and titanium carbide 

have considerably higher evaporation tem-

perature. Therefore the material removal 

mechanism in ZTA-TiC is dominated by 

evaporation which leads to the foamy sur-

face structures shown above (Fig. 2 a, b). 

Trimming operations with lower energy 

input remove and reproduce a foamy struc-

ture as the material removal mechanism 

does not change.

Zirconia based materials
While the ZTA based materials offer high 

hardness and abrasion resistance some ap-

plications require higher strength and dam-

age tolerance. This �eld can be covered by 

materials such as TZP-WC. First results us-

ing commercially available coprecipitated 

3Y-TZP materials as a matrix and adding 

24–32 vol.-% tungsten carbide lead to 

materials with extremely high strength but 

a toughness which is moderate and very 

similar to the 3Y-TZP starting powder. In the 

frame work of a DFG project new composite 

materials based on rare earth co-stabilised 

TZP materials led to materials with even 

higher strength and improved toughness 

(Tab. 2). Properties of commercially avail-

able Y-TZP-35TiN materials are close to 

3Y-TZP 28 WC.

Fig. 3 shows the microstructure TZP-WC 

materials in comparison. 3Y-TZP 28 WC 

made from Tosoh 3YSE and a nanoscale 

tungsten carbide (Högenäs DN4.0) con-

sists of zirconia grains of ~500 nm size 

and re-solidi�ed material and that the �ne 

crack network visible in the surface does 

not pene trate into the bulk.

The retention of strength after machining 

is a critical issue as the EDM process may 

lead to surface defects, residual stress and 

cracks. Landfried investigated the strength 

of ZTA-TiC during different stages of WEDM 

[15]. The strength of the pristine material 

(800 MPa) was reduced during the main cut 

and the �rst trim cut to 600 MPa, two add-

itional trim cuts led to a recovery of strength 

(700 MPa). Even more important was the 

evolution of the Weibull modulus. While the 

pristine material and the materials after 

main cut and �rst trim cut had rather poor 

Weibull moduli (4–5), the second and third 

trim cut increased the Weibull modulus to 

9 (2nd trim) up to 20 (3rd trim). Evidently the 

existing defect population in the material is 

grain size of the dispersion but also of the 

matrix. These modi�cations had a moder-

ate effect on mechanical properties but a 

drastic effect on electrical conductivity and 

ED-machining characteristics. Fig. 2 shows 

the surfaces and cross sections of EDM 

machined ZTA-TiC. The classical Dimacer®-

material (a. 24 ZTA coarse) machined by 

wire EDM shows a foamy surface structure 

with coarse microstructure features. The 

ED machined surface of the ZTA mater-

ial with a larger fraction of �ne grain TiC 

(b. 28 ZTA �ne) shows still foamy surface 

structure but much lower roughness. The 

material machined by die sinking (c. and 

d. 24 TiC coarse DS) show a typical splat-

like surface structure which is originates 

from the overlap of the discharges. The 

cross-section (d.) shows that the surface 

is covered with a very thin layer of molten 

Fig. 2  
SEM image (SE) of ED-machined ZTA-TiC materials:
a) 24 ZTA coarse (Dimacer®) WEDM surface;
b) 28 ZTA �ne (contains 28 % TiC with 1 µm grain size) WEDM surface;
c) 24 ZTA coarse (Dimacer®) die sinking surface;
d) 24 ZTA coarse (Dimacer®) die sinking cross section

Tab. 2  
Mechanical properties and electrical conductivity of hot pressed TZP-based ED-machinable TZP-WC ceramics

Material*** Hardness HV10 
[–]

Young’s Modulus 
[GPa]

Bending Strength* 
[MPa]

Fracture Toughness** 
[MPa√m]

Electr. Conductivity 
[S/m]

Ref.

3Y-TZP 28 WC 1630 290 1300 5,5 90 000 [16]

1.5Y1.5Nd-TZP 28 WC 1570 290 1400 8,7 45 000 [12]

* four point bending (20/10 outer/inner span)
** ISB (indentation strength in bending) method
*** aZTAbY-cED denotes a ZTA with: a [vol.-%] zirconia, stabilised by b [mol-%] of yttria and c [vol.-%] of electrically conductive dispersion
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�ed by increasing the WC content to 36 vol.-

% and by addition of up to 10 vol.-% alu-

mina. WC addition increases the hardness, 

increases the strength but slightly reduces 

toughness. Alumina add ition in fractions 

> 5 % leads to a reduction in toughness  

while the other parameters were little af-

fected [12]. TZP-WC materials required 

a re-design of the machining process to 

retain as high strength as possible [17]. 

Initially the machining strategy adopted  

from metal machining was applied. After a 

�rst main cut with high energy which was 

designed for high cutting speed a subse-

quent trimming operation was applied to 

smoothen the surfaces and remove the 

The cross section reveals a 1–2 µm thick 

molten layer which can be clearly dis-

tinguished from the bulk material below. 

This layer contains bright round WC par-

ticles embedded in a layer of zirconia. 

Evidently only a part of the molten mate-

rial is removed and a part re-solidi�es on 

the surface. The residual cooling stresses 

and the volume increment of the phase 

change seem to put this layer under  

tensile stress so that cracks initially 

perpendicular to the surface are gener-

ated. These cracks extend ~5 µm into the  

material. In some cases the cracks may  

even lead to component failure. In order to 

solve this problem the recipes were modi-

and a nanoscale (~100–200 nm) WC dis-

persion (note the different magni�cations). 

TZP materials based on the co-stabilised  

1.5Y-1.5Nd-TZP has a considerably �ner 

grain size. The �ner TZP microstructure 

lowers the electrical conductivity, the much 

higher transformability of the YNd-TZP 

boosts toughness and strength.

In ED-machining the TZP-WC materials dif-

fer strongly from the ZTA based materials. 

Both zirconia (~2700 °C) and WC (2730 °C) 

melt/decompose at very high temperatures. 

The dominant material removal mechanism 

is therefore melting. This can be seen in 

SEM images of ED-machined TZP-WC com-

posites. 

Fig. 3  
Microstructure of different TZP-WC materials, thermally etched in H

2
:

a) 3Y-TZP – 28 vol.-% WC (commercial 3Y-TZP starting powder);
b) 1.5Y-1.5Nd-TZP – 28 vol.-% WC (co-stabilised in house)

Fig. 4  
Surface structure and cross section of Wire ED-machined 3YTZP-28WC material
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tive non-oxide dispersion open new per-

spectives in manufacturing of customised 

ceramic components with high complex-

ity. The technology is especially attractive 

if conventional dry pressing and milling 

technologies are not capable of producing 

parts with the required accuracy and if the 

new additive manufacturing technologies 

such as stereolithography do not lead to 

components with the required mechanical 

properties. ZTA based materials offer high 

hardness and abrasion resistance but only 

moderate toughness and strength. They 

are produced from less expensive raw 

materials and are suitable for tribologically 

components such as moulds and dies. The 

recently developed TZP-WC-materials of-

fer a unique combination of toughness 

and strength – almost reaching cemented 

carbides. These TZP based materials are 

expensive but suitable for components ex-

posed to high stress. Electric discharge ma-

chining is possible by die sinking and wire 

cutting. Especially the wire cutting process 

requires very well adjusted machining pro-

cedures of main cut and subsequent trim-

ming cut(s) to obtain components with high 

surface integrity. Typically ED-machining 

reduced the strength compared to the 

pristine ceramic material. As the machin-

ing process replaces the natural �aws by a 

new set of very homogeneous arti�cial ma-

chining induced defects the reliability of the 

machined components is very high. Weibull 

coef�cients rise considerably which facili-

tates the lay out of design and reduced the 

otherwise very high coef�cients of safety.

troduced a homogeneous set of surface  

defects.

Components made from ED-machined 
ceramics.
Fig. 5 shows some features of a ED-ma-

chined ZTA-TiC (Dimacer®) material. This 

0,6 mm internal thread was machined by 

ED-milling (A variation of the die sinking 

technology) into a thin plate. Such a geom-

etry would be impossible to produce by 

conventional machining. 

Summary
ED-machinable composite ceramics with 

an oxide matrix and an electrically conduc-

machining affected zone. It turned out that 

this strategy was not suitable to retain the 

high strength of the materials. The strength 

of 1.5Y1.5Nd-TZP/28WC material studied 

declined from 1410 MPa to 814 MPa af-

ter the main cut. The trimming operation 

further reduced the strength to 680 MPa 

rather than improving it as expected. The 

machining cycle was changed, with a main 

cut with lower energy input the strength 

still declined to 833 MPa, the subsequent 

trimming operation improved the strength 

to 933 MPa. Similar to the results ob-

tained with ZTA-TiC properly ED-machined 

showed a drastically reduced scattering 

in strength as the machining process in-

Fig. 5  
Images if a ED-milled internal thread
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