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Abstract

The process of electrical discharge coating (EDC) may be used to deposit hard materials on
conformal substrate surfaces. Next generation EDM’d components may exploit attachment
phenomena to enhance recast layer properties, to avoid the need for recast layer removal.
Here, a ceramic based composite layer was developed without cracking and porosity for the
first time, using sequential coating using sacrificial TiC and Si electrodes. Attenuation of the
discharge process by gap widening using Si debris in the gap explained improved layer
properties. Composite coatings combining WC and TiC were also demonstrated, with good
elemental intermixing. Attachment level was correlated strongly with melting point, with
high melting point materials resisting ejection due to more rapid solidification.

Nanoindentation showed the TiC and WC/TIiC layers possessed the highest mean hardness



values, approximately double that of the Cu based machined layer which itself yielded a

much higher hardness of 11.0 GPa compared to 1.9 GPa of the substrate.
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1. Introduction

Electrical discharge coating (EDC) is a surface modification process used to produce coatings
from tool electrodes, or powder suspended in a dielectric fluid, onto a target workpiece
surface. The EDC process exploits the principle of sparking, being an adaptation of electrical
discharge machining (EDM), to deposit functionally significant amounts of material on to
complex shapes and uneven surfaces, as part of an integrated manufacturing process. A
combination of negative tool polarity, high gap voltages, short pulse on-times and long pulse-
off times acts to intensify material adhesion. The high temperatures associated with sparking
allow a large range of difficult to process materials to be deposited, including ceramics, and
rapid quenching facilitates the production of hard coatings [1, 2]. The next generation of ED
machining may exploit the phenomena associated with EDC and attachment of desirable

materials to neutralise and enhance the properties of the undesirable recast layer.

One advantage of EDC is that it is well suited to the production of high melting point
material ceramic coatings onto any kind of electrically conductive substrate. However, hard
ceramics, such as TiC, exhibit much higher melting points and much lower thermal
expansion coefficients than most metals and metallic alloys. As a result, such ED coatings are
often characterised by high levels of cracking and porosity. Practical applications for EDC
are limited presently by the poor integrity of the processed surfaces. For example, TiC

coatings produced from titanium/graphite sandwiched electrodes exhibited rough surfaces



with porosity and cracking [3]. Similarly, coatings of TiC produced from Ti particles
suspended in oil were characterised by cracking and porosity [4]. Porosity associated with
EDM and EDC processed materials is attributed generally to the presence of gas trapped
within molten layers developed by the ED process. The proliferation of cracks is thought to
occur by aggressive sparking conditions, or by the development of multiple phases with
differing thermal expansion coefficients [5]. It has been shown that the presence of porosity
worsens the delamination wear behaviour of iron, via stress concentrations and collection
sites for wear debris [6]. A correlation between porosity and wear rate has also been shown
also for bulk SiC/Cu composites [7]. Further, crack initiation and propagation is known to be
the main failure mechanism of thermal barrier coatings subjected to thermomechanical
loading [8], and crack initiated delamination is thought to be a common failure mechanism of
thin films [9]. In this context, it is anticipated that reductions in cracking and porosity will
yield ED coatings with improved fatigue and tribological properties, and hence enhanced part

lifetimes.

In the authors’ prior work, fundamental microstructural analysis was performed to reveal that
a TiC based coating on a steel substrate comprises a complex, graded composite structure in
which substrate material is drawn between TiC particles, forming a matrix [10]. Each
individual deposit/discharge containing TiC results in a low level of movement of molten
sub-meltpool substrate material towards the surface. Incrementally this level of substrate
material increases until an equilibrium composite structure is reached. Given that the EDC
process has been demonstrated effectively as a composite coating forming process, it is

therefore well suited to form multi-layer coatings using sequential, varying coating materials.



EDC has continued to attract academic interest particularly for enhanced tribological
properties, for example coatings from WS, and Cu powder electrodes yielded superior wear
resistance compared to a mild steel substrate [11]. TiCN coatings formed from a titanium
electrode and nitrogenous oil yielded lower wear than a TiN PVD coating at loads above 30
N [12]. Recently, a detailed wear study was performed using TiC based coatings from TiC
powder metallurgy electrodes deposited onto types of steel substrate [13]. It was shown that
due to the composite nature of the coating, the uptake of material from the substrate has a
strong influence of the wear performance of the final coating, with coatings on the softer
substrate yielding worse wear behaviour. In these TiC based coatings, cracking and porosity
are prevalent and such defects are known to have a strong influence of mechanical properties.
Individual coatings of TiC and Si were developed by Sumi et al. [14], with defects in the Si
based coatings minimised. However, a convincing explanation for this phenomenon was not
offered. ED multi-layer coatings created by sequential material deposition which incorporate
the useful properties of both ceramic and Si based deposition have not been demonstrated in
the literature. Here, we advance the state of the art of ED coatings by developing multi-layer
coatings with an emphasis on TiC and WC for their potentially useful mechanical and
tribological properties. Additionally, to further the understanding of attachment and coating
formation during EDC, single layer coatings are developed which possess a large range of
melting points, to determine the dependence of coating property and composition on material
type. Nanoindentation data is reported also for the first time to reveal the hardness of such
coatings in comparison to a typical EDM recast layer, thereby demonstrating potential

practical properties for example for tooling, for which EDM is a commonly used technique.

2. Experimental



EDC coatings were developed on 304 stainless steel substrates, which were prepared by
grinding and sequential mechanical polishing, with a final stage of 1 um diamond grit, to give
a mirror finish prior to coating (Sa roughness ~ 0.11 um). This material was chosen as a
substrate given it was a commonly used steel and it was also the material used in prior
fundamental TEM work of the authors [10], and therefore this prior knowledge can be used to
inform the present work. A Mitsubishi EA12V EDM machine was used for all coating
experiments. A range of tool electrode materials (Table 1) was used initially for single layer
coating trials, to appraise the effect of electrode material on coating development and
morphology. TiC and WC material were manufactured by powder sintering. Cu, Zr and Si
were in solid crystalline form. The EDC process time is determined by the tool electrode
surface area, and hence the wear of sacrificial electrodes in the z-direction was used as a
benchmark. The control of electrode wear amount also compensates for the varying electrode
wear rates of the different materials, caused by their different melting points and/or
manufacturing method. The EDC process parameter sets A and B, as identified from previous
experimentation [15] and summarised in Table 1, were selected to promote tool electrode
material transfer to the workpiece. Higher current conditions (Set A) were required to ensure
the development of coatings of high temperature ceramics in a reasonable time scale. Lower
current conditions (Set B) were associated with coatings exhibiting better surface finishes,
whilst still permitting significant transfer of material to the workpiece. These parameter
benchmarks (A and B) were developed originally based on the creation of TiC and Si

coatings respectively with good levels of attachment.

Table 1 Experimental parameters

Tool electrode materials TiC, Si, Cu, WC, Zr

Workpiece material 304 stainless steel




Oil (dielectric) Shell Paraol 250

Tool electrode polarity Negative
Parameter Set A 320 V; 10 A current: 8 us ON / 256 s OFF
Parameter Set B 260 V; 5.5 A current: 8 us ON / 64 us OFF

Scanning electron microscopy (SEM) was performed using Hitachi S2600N and FEI XL30
instruments in back-scattered electron (BSE) imaging mode in both plan and cross-sectional
views. Energy-dispersive X-ray (EDX) analysis was performed using an Oxford Instruments
INCA X-ray microanalysis system (20kV; working distance 10 mm). X-ray diffractometry
(XRD) was performed using a Bruker AXS D500 in conventional 6/26 mode (Cu k, (A=
1.54060 A); 40 kV; 25 mA; 0.02° step size; 8 s per step). Roughness values were obtained
using an Alicona Infinite Focus G5 focus-variation microscope. Sa texture values
(arithmetical mean height (ISO 25178-2), the 3D equivalent of arithmetical mean roughness
Ra (ISO 4287)) were determined from areal data acquired using a 20x objective lens
(working field of view (0.808 x 0.808) mm, pixel width (0.439 x 0.439) um). For each
topography data-set, four (0.4 x 0.4) mm regions were extracted and levelled by subtraction
of the least-squares mean plane. The Sa parameter was computed on each region
independently. Open-source image processing software ImageJ was used for the
measurement of surface cracking and layer thicknesses from the BSE images. Surface
cracking was determined by the manual tracing of cracks imaged in BSE mode for good
contrast, using five images from each sample (1.5 mm? in total). Average layer thickness
values were determined from 100 points of regular spacing along a 10 um length of each
coating, viewed in cross-section. Nano-indentation was performed using a Micromaterials
NanoTest Vantage nano-indentation platform using a Diamond Berkovich indenter. 11

indents were performed in depth control to 150 nm at a rate of 0.1 mN/s with a 20 second



hold at maximum load. The indents were in the centre of the cross-sections of each sample
and spaced 7 um apart to ensure the plastic interaction volume was only within the coating
and there was no overlap of the interaction volumes with the previous indents. ISO standard
14577 specifies that the thickness of material surrounding each indent should be greater than
10 times the maximum indentation depth, or 3 times the maximum indentation diameter,
whichever is great, to avoid interaction effect with other indents [16]. Therefore with an
indent diameter expected to be ten times the indent depth, this spacing was considered to be
sufficient.

Hardness was calculated from by the division of maximum load by the projected area of
contact.

Table 2 presents an overview of the sample sets investigated here. For example, the

designation of WC/TIC refers to a coating made from an initial layer of WC followed by a

layer of TiC.
Table 2 Coatings and parameter sets evaluated within this study
Electrode Parameter Sets Electrode wear (mm)
TiC, Si, Cu, WC, Zr A 0.5
TiC, Si, Cu, WC, Zr B 0.5
WC/TiC, TiC/WC AlA 05705
SI/TiC B/A 0.2,05,10,15&2.0/0.5
TIiC/TiC B/A 05/05
Si/TiC B/A 05/05
TiC A Single discharge
Si A Single discharge
Si B Single discharge




3. Results

3.1 Single layer coating morphology

Single layer coatings were produced using TiC, Cu, Si, WC and Zr tool electrode materials,
which possess a range of melting points (Table 3), to appraise the effect of thermal property
on adhesion and coating surface characteristics. The coatings were produced using two sets of
EDC parameters, corresponding to ‘rough’ (Set A) and ‘fine’ (Set B) discharge conditions
(Table 1). In each case, 0.5 mm of material was worn from the tool electrode. Typical process
time for each coating was 30 minutes, with coatings produced over an area of 100 mm?. With
TiC coatings produced using Set A parameters, approximately 5 million sparks in total
affected the 100 mm? region, calculated from the average area of discharges and time taken
for one discharge [15]. Representative SEM images of the TiC, Cu and Si coating surfaces

are presented in Figure 1.



Figure 1 Surface morphology of various single layer coatings made using parameter set

A, and silicon coating with parameter set B

All the developed coatings exhibited cracked and porous surfaces when produced using both
parameter sets, with the exception of Si, which exhibited minimal levels of cracking and
porosity at 10 A discharge current, and no cracking and porosity at 5.5 A discharge current
(Figure 2). Coatings produced using the WC tool electrode resembled the coating produced

using a TiC electrode, again exhibiting roughness, porosity and cracking in a cellular pattern.



Zr exhibited notably less cracking and porosity compared to WC and TiC. Cracking, when
present, was typically distributed in a cellular pattern, consistent with the interface of

individual discharge craters/deposits.

3.2 Multi-layer coating morphology

The single tool electrode coating data highlighted that crack and pore free surfaces could only
be produced using Si tool electrodes. Hence, firstly here, coatings of sequentially processed
TiC (Set A) and Si (Set B) layers were investigated, with a view to reducing the high levels
of cracking and porosity associated with the EDC processed TiC coatings. Composite
coatings were produced using increasing amounts of wear from the Si tool electrode onto TiC
coatings produced using 0.5 mm of electrode wear (Table 2). Figure 2 presents SEM images
of the surface morphologies of these composite coatings, whilst associated roughness
(expressed through the Sa texture parameter) and crack density data are presented in Figure 4.
For comparison, a double-layer coating from 0.5 mm of TiC(A) followed by 0.5 mm of

TiC(B) is also shown, to prove the influence of using the Si electrode on coating morphology.
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Figure 2 Morphology of TiC coatings surfaces after another coating of using an Si electrode
(a)-(d), and (e) coating with a second layer of TiC, (f) reduced Sa roughness of Si and TiC/Si
coatings compared to TiC only, and (g) effect of different amounts of silicon second coating

on surface crack density. Error bars are the minimum and maximum of the values collected.



Based on SEM imaging, the majority of the negative surface properties associated with
normal single layer TiC coating were eliminated by additional coating of silicon with 0.5 mm
of electrode wear. Some cracking is still present but porosity is eliminated. To further
optimise the phenomenon of surface crack reduction via the addition of an Si coating,
increasing electrode wear amounts were investigated. Based on the initial result of significant
crack reduction occurring after 0.5 mm coating of both TiC and Si, further tests were
conducted using 0.2 mm, 1 mm, 1.5 mm and 2 mm silicon electrode wear amounts to
establish if complete crack removal is possible. The change in surface crack density with
increasing feed amount of the Si electrode on the TiC/Si combined coating is also shown in
Figure 3 (g). The negative surface characteristics of the TiC coating were eliminated after 1
mm of wear from the silicon electrode. The surface topography is dominated by smooth
overlapping craters and resembles the surface finish produced on a single coating of Si. After
0.2 mm of silicon coating, porosity and cracking remained prevalent on the surface, and after
0.5 mm, the smoother crater topography is dominant. In order to prove whether the final
surface properties depend on the use of silicon as opposed to TiC, a multi-layer coating using
a second layer of 0.5 mm of TiC but using the lower current parameter was made. This
surface can be seen in Figure 2 (e). Despite the same electrical parameters, porosity and
cracking dominate the surface, compared with the silicon surface in Figure 2 (c). Sa values of
the polished substrate, a TiC coating, an Si coating and a TiC/Si combined coating were

measured and are shown in Figure 2 (f).

The surface crack density of the TiC + 1 mm Si coating is reduced by a factor of
approximately 500 in comparison with the simple TiC coating, with only small regions of
occasional cracks remaining. Similar levels of cracking remain on the 1 mm, 1.5 mm and 2

mm samples. No further improvement was measured in the latter two samples. No porosity



was seen on the surface of the 1, 1.5 and 2 mm silicon coated surfaces. As shown in Figure 2
(F), roughness of the TiC + 1 mm Si sample is reduced from a mean of 1.85 pm Sa roughness
of the TiC surface to 0.51 um. The roughness of the Si only coated surface is 0.37 um. The
variation in roughness for each sample is also reduced for the double layer coating.

To help elucidate the balance between material removal and material deposition,
topographical heights maps of a TiC, Si and a combined TiC/Si coating are shown in Figure 3
along with an optical micrograph of the same region (both obtained by measurement with the
Alicona Infinite Focus G5 focus-variation microscope). A TiC coating was prepared first,
then a Si coating was prepared on the edge of the TiC coating, to yield four distinct patches

of coating as shown below.

Figure 3 (a) Optical image and (b) topography height map of substrate, TiC (0.5
mm(A)), Si (0.5 mm(B)) and TiC (0.5mm (A)/Si (1 mm(B)) coatings, revealing extent of

material removal during surface treatment

Height discrepancies between differently coated regions were assessed by averaging the

height values of each region separately, using the substrate region as reference. Based on the



height map data shown in Figure 3, coating using either a TiC or Si sacrificial electrode
results in net material removal. In the case of TiC (from 0.5 mm wear), a mean height
difference of -3.9 um was measured for 0.5 mm of electrode wear. However, it should be
noted that many of the topographical peaks are above the height of the substrate, meaning it
is likely that the coating process is in equilibrium with the material removal process. In the
case of Si (0.5 mm wear), all regions of the coating were at a lower height than the substrate.
For the TiC/Si coating, for which 1 mm of wear was used for the Si coating stage, the mean
depth from substrate was -20 um, greater than the simple addition of the two single layer
coatings. This suggests that longer coating times yield great material removal in the case of Si

electrodes and the coating/removal process is not in equilibrium.

Double-layer coatings were then prepared using combinations of TiC, WC and Si. Figure 4
shows SEM images of three examples of such coatings, in which morphologies characteristic
of the case of the second material being deposited as a single layer are dominant. For
example the TiC/WC coating resembles the WC simple coating, and the WC/TiC coating
resembles the TiC coating. For Si/TiC, the TiC morphology is again dominant. In all such

cases, the surfaces are characterised by the presence of cracking and porosity.

Figure 4 SEM images of double-layer coatings of (a) Si(B)/TiC(A), (b) TIiC(A)/WC(A)

and (c) WC(A)/TIC(A)



3.3 Coating composition

EDX data for the coatings produced using parameter Set A processing conditions are
presented in Table 3, along with melting and boiling point values for the tool electrode
materials. EDX analysis here was performed using a large area scan of 1 mm? of the surface

of the coatings.

Table 3 Single layer EDX compositional data for the developed coatings (Parameter Set A).

Remaining elemental composition for all samples is other constituents of steel.

Tool Melting Boiling W1t.% of main element, C
electrode | point/°C point/°C and Fe
TiC 3065 [17] 4820 [18] Ti39.6, C29.7, Fe 21.8
WC 2785 [19] 6000 [20] W 40.5,C27.7,Fe 21.3
Zr 1854 [21] | 4406 [21] Zr 9.5, Fe 44.7,C20.2
Si 1410 [22] 2357 [23] Si 9.8, Fe 52.5, C 16.6
Cu 1083 [22] 2562 [22] Cull,Fe488,C285

Coatings produced using high melting point TiC and WC tool electrodes and Set A
processing conditions contained much higher amounts of their primary elements, Ti and W,
respectively, as compared to coatings produced using Si or Zr tool electrodes. Coatings
produced using the lowest melting point Cu tool electrode retained the smallest amount of the
primary element, at a level of 10% by weight of the Si and Zr. At the lower current

parameter, the % of silicon by weight dropped to 5.4% based on an area EDX scan.

EDX surface data for the multi-layer coatings is shown in Table 4. Interestingly, despite

yielding a similar surface morphology to the single layer Si coating, the TiC/Si coating



yielded only 1.9% Si with a significant level of Ti at 24.2% remaining. With the opposite
multi-layer coating type: Si(B) followed by TiC(A), coated silicon was effectively eliminated
as its weight % dropped to 0.2, a level present in the substrate material. The Ti level remained
high, similar to that of a single layer coating, indicating that the TiC deposition is unaffected
by a silicon coating beneath, whereas the ability of Si to yield a coating is notably affected by
the presence of a TiC electrode beneath. WC as a single layer coating was seen to yield a
heavily machined cavity despite the significant attachment of material. In the TiC/WC multi-
layer coating this phenomenon is reflected given no Ti remained after coating and a

composition of W reflecting that of a single layer coating remained.

Table 4 Multi-layer EDX compositional data

Tool electrode | Wt.% of main element, C and Fe

TiC(A) / Si(B) Ti24.2,Fe 31.9,C27.3,Si 1.9

Si(B) / TIC(A) Ti41.7,C 29.3, Fe 20.5, Si 0.2

TiC(A) / TIC(B) Ti 27.5,C 37.6, Fe 23.4

WC(A) / TIC(A) Ti29.3,C 28.0, Fe 18.1, W17.5

TiC(A) / WC(B) W 39.4, C 25.5, Fe 24.3,

3.4 Cross-sectional characterisation

Cross-sectional SEM/EDX analysis was performed to clarify the composition of single and
multi-layer coatings, and elucidate mixing phenomena in such cases. Thickness of the

coatings was also examined.
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Figure 5 Cross-sectional SEM images of TiC(A), WC(A)/TIiC(A) and TiC(A)/Si(B)
coatings with EDX maps of primary elements. Significant intermixing can be seen in the

WC/TIC coating.

The three coatings shown in Figure 5 - TiC, WC/TiC, and TiC/Si, all exhibited very similar
thicknesses. This is expected given the same basic EDM parameters (current and on-time)
were used for the deposition of all coatings, and it is well known that the recast layer in
EDM, and therefore the coating thickness in EDC, depends primarily upon the current and
on-time parameters [24, 25]. For the coating in Figure 5 (c), the Si was deposited using a
lower current, and therefore the thickness of the TiC initial coating deposited with the higher

current parameter takes precedent.



In previous work by the authors, it was observed that deposition of material via EDC by a
single spark produces a deposit of a similar depth to the final coating [10]. Therefore the
majority of the coating process involves re-melting of previously deposited material. Prior
work also suggests that TiC coatings produced on a steel substrate by EDC are composite in
nature, with TiC grain sizes as small as tens of nm, in a matrix of Fe. In the present work, the
coatings in Figure 5 (a) and (c) contain mostly uniform distributions of Ti and Fe. In the case
of the TiC/WC coating, the W and TiC are again uniformly distributed. Some pure TiC
powder deposits can also be seen in Figure 5 (b). The uniform distribution of Ti and W is key
to a successful composite coating and suggests that both materials are likely fully molten
upon deposition by EDC. For the TiC/Si coating, Si was particularly concentrated at the top
of the coating layer. Figure 6 shows more detailed images of cross-sections of the TiC and

TiC/Si coatings.

TiC coating | () TiC coating

Crack
originating from

SR ¥ pore SRy

» WS 3

Figure 6 Back-scattered electron images of cross-sections of (a) and (b) TiC and (c)

TiC/Si coating, revealing elimination of cracking and porosity



Extensive cross-sectional imaging was performed, and based on SEM imaging, porosity and
cracking were observed to be entirely eliminated in the TiC/Si combined coatings. This can
be contrasted with the examples of porosity which have diameters up to 50% of the thickness
of the coating in the case of the TiC coatings, as well as cracking which penetrates the entire
thickness of the coatings. Additionally, there was evidence that cracking in some cases
originated at pores. In the authors’ prior TEM work [10], sub-micron scale carbon deposits
were observed within the TiC coating. In both the TiC and TiC/Si coatings, sub-micron scale
dark (in BSE mode) regions can be seen, and these are thought to be carbon rich regions, as
opposed to sub-micron scale porosity. EDX at this scale however is not accurate and the

elimination of extremely fine porosity cannot be confirmed without multiple TEM samples.
3.5 Microstructure

To understand the microstructural composition of the single and double layer coatings, with
particular emphasis on the crack/pore free TiC/Si coatings, X-ray diffraction was performed
on the steel substrate, a single TiC coating, a TiC/Si double coating and the TiC electrode.
All coatings were produced using 0.5 mm wear from electrodes. The results are shown in

Figure 7.



—_
O]
~
||

(b)

— Steel substrate

——TiC electrode

Austenite

A

Martensite/Ferrite
TiC

Fe,04

CriCs

*+ @b H

Intensity (a.u.)

T T T 7 T 7 T ] T 7 7 T T T |
34 36 38 40 42 44 46 48 50 34 36 38 40 42 44 46 48 50
2 theta (deg) 2 theta (deg)

(d)

—_
(@]
N

—— TiC + Si coating

Intensity (a.u.)

L¥

34 36 3‘8 4b 4‘2 4‘4 4‘6 4‘8 Sb 34 36 3‘8 4b 4‘2 4‘4 4‘8 4‘8 Sb
2 theta (deg) 2 theta (deg)

R

Figure 7 XRD diffractograms of (a) substrate, (b) TiC electrode material (c) TiC(A) coating

and (d) TiC(A)/Si(B) coating

After the application of a single coating of TiC on the steel substrate, the dominant austenite
phase from the steel was no longer observed. The martensite phase, however, was still
detected in the coating layer, explained by rapid quenching assisting martensite formation,
along with the dominant TiC phase. The TiC peaks present in the TiC coating are unchanged
from the TiC phase present in the electrode material. After the application of a silicon coating
to the TiC coating, the martensite peak is further suppressed. No silicon based phases were
detected in the scan, likely explained by the low weight % of Si in the coating, beneath the
measurement limit in the case of a small level of SiC being formed for example. This could
also be explained by no single phase being formed in the coating, and phases present are split
between pure Si and SiC for example, further reducing the ability of the phases to be

measured. Although before and after the Si coating, the same TiC phase is present, there was



a notable shift to the right of all TiC peaks. A dotted line is shown for comparison to the
position of the primary TiC peak in the electrode. The martensite peak however was not
shifted, suggesting that the shift observed is not due to sample error but can be explained by
the presence of strain in this phase. A significant change in the ratio of peak heights can be
seen in the TiC coating compared to the electrode material, indicating the coating process is
producing a preferential orientation effect on the TiC phase. This peak height ratio is further

exaggerated after the addition of the layer of silicon.

3.6 Hardness

Nanoindentation was performed on the cross-sections of layers of Cu(A), TiC(A), as well as
TiC(A)/Si(B) and WC(A)/TiC(A). Mechanical properties measured by nanoindentation are
summarised in Table 5. Box plots of the hardness results for these coatings compared to the

unaffected steel substrate are shown in Figure 8.

Table 5 Hardness and standard deviation measured by nanoindentation

Steel Cu TiC TiC/Si WCI/TIC

Mean hardness | 1.90 11.0 21.8 11.4 19.1
(GPa)
Standard 0.28 3.0 2.99 1.21 3.16
deviation

(GPa)
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Figure 8 Box plots of hardness data from different coating types, compared to 304
stainless steel substrate. An optical image of the indents on the TiC coating are also

shown.

It is clear that all layers produced using EDC exhibited much higher hardness compared to
the steel substrate. The mean hardness of the EDM layer (Cu based coating) was
approximately 6 times larger than the unaffected substrate material, at 11.0 compared to 1.9
GPa. This is despite the addition of 1.1% of the softer Cu to the recast layer. This is a key
result as it indicates that the hardness of the coating is likely also to be strongly dependent on
microstructural transformation and refinement as well as compositional changes. The single
TiC coating yielded the highest mean, minimum and maximum hardness values from the four
different coatings tested. The range of hardness measured for the TiC coating was between

25.6 and 17.7 GPa, with a mean of 21.8 GPa and standard deviation of 3.0 GPa. This can bhe



compared to the Cu coating which yielded a hardness range between 6.2 and 16.1 GPa, with a
mean of 11.0 GPa, and a standard deviation also of 3.0 GPa. Therefore the highest individual
hardness value measured on the Cu coating was close to the lowest value measured on the
TiC coating. The TiC/WC combined coating yielded a mean hardness of 19.1 GPa, with a
standard deviation of 3.16. The slightly reduced hardness of the combined coating can be
explained by the lower hardness of raw WC compared to TiC — 15 compared to 30 GPa
respectively. Previous TEM work on TiC coatings on steel indicates that the layer is a
composite of an iron phase, likely martensite, and TiC. Because of this, the hardness of the
TiC layer reflects an average of both the steel phase (itself hardened via martensite formation
and inherently fine grain size) and the pure TiC. This rationale also explains the lower

hardness of the TiC/WC phase.

The hardness results from the TiC/Si coating which produced a mean hardness much lower
than the single TiC coating, but similar to the Cu coating, at 11.4 GPa, however with a much
smaller standard deviation value — 1.21 GPa. Interestingly, despite only 5.4% Si detected on
the surface on the coating, a significant and repeatable decrease in hardness was measured.
The addition of silicon as a composite material to the workpiece therefore has a significant
role in modifying the overall mechanical properties of the coating. To better represent the
variation in hardness data, load-displacement curves from which hardness data was calculated

are shown in Figure 9.
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Figure 9 Load-displacement curves for Cu, TiC, TiC/Si and WC/TiC ED coatings. TiC
curves show much greater consistency in both loading and unloading. This is
represented by lower % variation in hardness values as shown in Figure 8. y-axis scales

of the (a) and (c) are 50% of (b) and (d).

The load-displacement curves reveal data on the progress of the indentation with depth into
the coating sample. It should be noted that the y-axis scales of the softer Cu and TiC/Si
graphs are 50% of those of the TiC and WC/TiC.

When we consider the Cu coating, it appears that the data is the least repeatable of all
samples. Specifically, the coating yielded two curves with significant flat-tops. The flat-top
effect was not present in the other coating hysteresis data, suggesting the plastic deformation
mechanics of these coatings are more uniform compared to the simple Cu coating. In the

experimental section, it was explained that the indentation is held at maximum load for 20



seconds to allow for creep to occur before unloading. In two cases for the Cu based coating,
an increase in depth of approximately 20 pum with no increase in load took place. This large
variation in mechanical properties may be explained by indentation taking place in regions of
concentration of the much softer Cu, inhomogeneities in material composition or coming in
contact with porosity or cracks. Given the low level of Cu present in the coating produced
using a Cu electrode, it is likely that the majority of the indents, which yielded hardness
values of approximately 11 GPa took place in regions of only the recrystallized steel phase as

this is consistent with the substrate material.

3.7 Deposit analysis

The composition of Si using the same coating parameters as the TiC is much lower than Ti in
the TiC coating. To explain the difference in both morphology and amount of material
adhesion which occurs during coating with TiC and Si, imaging and EDX analysis of
individual discharge craters were performed. BSE images of TiC and Si craters produced
using identical parameters and imaged at the same magnification, are shown in Figure 10 (a)

(b) and (c). A Si crater at the lower current setting is shown in (d).
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Figure 10 BSE images and EDX maps of craters produced using (a) and (b) TiC electrode at
Parameter Set A revealing cracking and porosity respectively (c) Si electrode at Parameter

Set A and (d) Si electrode at Parameter Set B

The craters imaged in Figure 10 were chosen as they were representative of those craters
which contained deposited material for each electrode type. The clearest difference between
craters is that the Ti is distributed across the majority of the TiC craters in Figure 10 (a) and
(b), and is present up to the crater boundary. This can be contrasted with the Si crater, for
which deposits of Si are present in only small regions. This phenomenon is typical for a large
number of craters imaged. The amount of Si in the deposits in Figure 10 (c) is 43.0% and
61.5% for the left and right respectively, much higher levels than the final composition of Si
coatings. In the centre of this Si crater, the amount of Si and C is 1.80% and 9.94%
respectively, compared to 0.48% and 7.53% respectively from an unaffected region outside
the crater. For the TiC crater, the amount of Ti and C in the centre of the crater is 74.56% and
23.47% respectively, with only 2.3% workpiece elements detected. For both Si and TiC
coatings, the composition of coating elements is significantly lower than the localised regions

analysed in the craters. In the TiC crater images, cracking as well as porosity were common,



as can be seen in Figure 10 (a) and (b). When using the Si electrode, the craters exhibited
neither cracking nor porosity for both the high current and low current parameter. Craters
also generally had a smoother morphology when the Si electrode was used, even in locations

where significant deposition took place.

4 Discussion

4.1 Crack and pore elimination

On a 304 stainless steel workpiece, a coating with TiC as the dominant phase and dominant
composition can be produced by EDC, containing a negligible number of cracks and level of
porosity by the deposition of a second layer deposited from a pure silicon electrode. The
thickness of coatings in EDC, as is the case for the recast layer in EDM, is independent of
machining time. Therefore the reduction in crack and pore density with increasing Si
electrode wear depth is not explained by the addition of an increasingly large Si layer on top
of the TiC coating. Instead, with a longer coating time, the likelihood of sparking occurring in
all regions of the surface increases, thereby increasing the likelihood of cracking and porosity

to be eliminated.

To understand the absence of cracking in TiC/Si coatings, the single layer coatings should be
considered. Based on the coating morphologies in Figure 1, it is clear that the silicon coating
is uniquely characterised by an absence of cracks, compared with coatings created using TiC
and Cu electrodes under identical conditions. When TiC/Si coatings were produced, cracking
was still absent, despite the relative dominance of the TiC phase. Considering the similar
sizes of the TiC and Si craters under the same electrical conditions, it is likely that the energy
of each spark which reaches the surface of the workpiece is not notably affected by the

influence of silicon particles on the discharge process. A smaller discharge crater would be



consistent with reduced discharge energy [26]. To explain the phenomenon of vastly different
crater morphologies dependent on electrode material, we can consider phenomena associated
with powder addition to EDM machining. It is well known that powder addition to the
discharge gap can significantly modify discharge crater morphology. Addition of silicon
powder to the EDM has been shown to yield an improved surface finish compared to a clean
discharge gap [27]. In the case of silicon powder, this effect has been shown to yield a
surface roughness reduction of 80% compared to the use of manganese powder which yielded
only a 50% reduction [28]. Additionally, in the latter work, the recast layer produced was
absent of pores and cracks in the case of use of silicon powder, as opposed to a recast layer
still characterised by some level of pores and cracks in the case of manganese powder, under
identical parameters. The explanation given for why silicon yielded an improved recast layer
was the threefold lower density of silicon compared to manganese, and hence it will be more
buoyant and therefore more uniformly distributed in the dielectric, thereby promoting more
uniform discharges and therefore a more uniform recast layer. However, this explanation is
overly simplistic and does not consider the effect on fundamental discharge properties. Uno
et al. performed fundamental EDM testing using addition of Si powder to a kerosene EDM
fluid [29]. Normal machining, as well as single crater analysis was performed. Single craters
produced using Si powder addition were significantly less undulating than the normal EDM
craters under identical conditions, despite overall recast layer size being similar. Impact force
of a single electrical discharge on the substrate was measured using a piezoelectric
dynamometer. The maximum value of the impact force in the case of the clean EDM oil was
two times higher than that of the silicon powder mixed oil. This was explained by an
increased inter-electrode gap distance at the time of discharge from 17 to 92 um in the case of
clean and silicon mixed oil respectively. Such an increased gap distance was used to explain

the reduction in impact force and hence smoother craters. Given the reduced impact force



associated with increase discharge gap, and reduced material ejection thought to occur under
reduced impact force, this may explain the reduced porosity which is also noted on craters
and layers made using an Si electrode alone. Porosity is thought to occur due to gas trapped
during the discharge process, and hence a lesser effect of the discharge on material melting
and ejection would likely reduce the prevalence of porosity within each crater. A more
violent material expulsion and hence resolidification mechanism may also explain reduced
crack density associated with larger discharge gaps. Interestingly, Uno et al. [29] measured a
delay in the onset of maximum impact force in the case of silicon powder mixed EDM, by
several ps, although this was not discussed in the paper. Considering the discharge on-time
was only 8 us in the present work, this delay may play a significant role in crater formation.
Uno et al. [29], despite showing that discharge impact force is correlated with improved
crater smoothness, did not explain the mechanism by which reduced impact force occurs in
the case of larger discharge gaps. More recent fundamental work in EDM has revealed that
bubble formation and expansion during and after discharge plays a critical role in the material
removal mechanism [1, 30, 31]. Most relevantly, Zhang et al. [32] have shown that bubble
expansion velocity and pressure are highest for small gap widths, and this is correlated with
impact force on electrode. It should be noted that the exact melting and material ejection
mechanisms in EDM complicated and remain contentious, however it is well understood that

gap width plays a key role in discharge crater properties and hence final surface properties.

When the single discharges are considered in Figure 10, smooth craters can be seen in the
case of the Si electrode, despite the similar diameter when compared with the crater
associated with the TiC electrode under identical conditions. Given the similar crater size,
this implies overall energy supplied is thought to be similar in both cases, thereby giving

evidence that impact force plays the primary role in the differing crater morphologies, and



hence overall coating morphology in the case of pure Si and TiC/Si coatings. To explain the
difference in gap width and hence crater morphology for TiC and Si sacrificial electrodes,
lower density and hence higher buoyancy of Si in comparison TiC means a higher uniformity
of polarisable electrically conductive particles assist in dielectric breakdown, thereby
increasing gap width [28]. To summarise the mechanisms which result in improved layer
(a)

properties in TiC/Si based composite coatings, a schematic is shown in Figure 11.
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Figure 11 Schematic showing mechanism of improved layer properties when silicon is
used as sacrificial electrode at final coating stage. Lower density Si results in increased
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Expulsion and resolidification of material is less violent, thereby resulting in a

composite layer with fewer pores and cracks and lower surface roughness.

It can be noted Uno et al. [29] showed that carbide precipitation exacerbated crack generation
in the recast layer via the differential in thermal expansion between carbide and surrounding
metal. Therefore with the inherently larger overall level of movement and resolidification of
TiC in the coating layer in the case of TiC work, this would also explain the higher level of
cracking in the TiC based coatings. In single discharge analysis, in the case of craters formed
using the Si electrode, cracking was not seen in the location of Si deposits. However, it is
clear that in the combined TiC/Si coating, the weight % of Si is low compared to the
dominant TiC composition within the layer. Despite this, on the surface and in cross-section,
the composite TiC/Si coating has a structure with cracks virtually eliminated. This indicates
that the effect of less violent expulsion and resolidification mechanisms as a result of
increased gap widths in the case of an Si electrode, therefore likely plays the more significant

role in crack density reduction.

4.2 Composition and material transfer

Considering the EDX results of the combined coatings in Table 4 as well as the XRD data in
Figure 7, the TiC/Si coating can be considered a composite dominated by TiC. From the
perspective of exploiting the coating for its mechanical properties, for example wear, the
preservation of the TiC phase is critical. In Table 3, the EDX results of single layer coatings
using identical parameters but with different electrode materials are shown. The two carbide
materials: TiC and WC, yielded a coating which was dominated by the coating elements,
whereas zirconium, silicon and copper all yielded a much lower %. Considering the strong
correlation between melting point and weight % of the primary element of the electrode

adhered to the coating, it is likely that the much higher melting points of the carbide materials



are the cause of a greater level of adhesion by coating. To understand the mechanism of
coating in EDC, it should be considered in the context of the mechanism of electrical
discharge processes. The basic principle of EDM is to remove material via melting and/or
evaporation of the workpiece material via each discharge. In EDM, much of the molten
material is ejected at the end of discharge duration, when a pressure drop occurs upon
extinguishing of the plasma. Material is also thought to be ejected during discharge through
boiling of the material heated by the plasma [31]. It is therefore expected that the melting
point of a coated material will significantly affect the amount of material removed, and the
amount left on the surface, by the inevitable material removal caused by discharge. In
coating, it is desirable for this effect to be inhibited to prevent coating mass loss. In the case
of TiC, due to its high melting point, material returns to the solid state more rapidly during
discharge than silicon, resulting in a lower amount of remaining liquid upon the end of
discharge. At the end of discharge, a pressure drop occurs which ejects remaining liquid
material from the discharge crater, an effect which is inhibited by the presence of solid TiC.
This may explain the lower remaining composition of Si in the discharge crater and therefore
also in the final coating compared to TiC. In the authors’ prior work [10], the microstructure
of TiC based ED coatings was shown to consist of re-crystallised TiC but also contained
entire particles thought to deposit directly and remaining un-melted. Therefore the extent of
material survival and hence attachment clearly depends on the ability of the material to not
melt and/or evaporate due to contact with the discharge plasma. A schematic is shown in
Figure 12 which explains the mechanism by which materials with vastly different melting

points show very different levels of attachment after discharge.
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Figure 12 Proposed mechanism for enhanced material transfer in the case of higher
melting point sacrificial electrode materials onto a steel substrate. TiC is thought to
attach to the melt pool in the molten or semi-molten state, but upon discharge end,
reaches its melting point and hence solidifies rapidly, leaving remaining molten
substrate material (in the case of steel) to be preferentially ejected. In the case of Si
attachment, its melting point is close to that of the steel substrate, and hence deposits

remain molten with the steel and are expelled to similar extents.

In the schematic in Figure 12, initially during discharge on-time material movement into the
melt pool is not different for each material type. However, upon discharge end and
solidification, the high melting point TiC reaches its solidification point rapidly, thereby
resisting material ejection. It should be noted that this model is relevant in the case of the

substrate or coating with an overall melting point on the scale of steel.



In the XRD analysis shown in Figure 7, after a single TiC coating, and TiC/Si coating, the
dominant phase is TiC which is unchanged from the TiC electrode. The ratio of TiC peak
heights in the coatings however is changed compared to the peak heights of the TiC electrode
with randomly oriented grains. This ratio is further altered after the Si coating. Since,
according to XRD data, the same TiC phase is present and no new TiC based phases were
detected in the coating compared to the original electrode material, this suggests that much of
the TiC deposited may have stayed in the solid or semi-solid phase. The preferential
orientation of grains indicated by the altered peak height ratios, and observed directly in
cross-section [10], could be explained either by unidirectional grain growth upon cooling, or
by stress induced deformation of grains. The specific reason for which cannot be explained
without further high resolution microscopy. The absence of other phases in the coating
however adds weight to the theory that insufficient melting of the TiC phase occurred to
allow dissolution and a chemical reaction to take place. The microstructural composition of
workpiece elements and Si therefore require more detailed analysis techniques including

TEM to determine their exact form.

4.3 Hardness

This work expands on the fundamental understanding of EDC coatings via the mechanical
and chemical characterisation of single and multi-layer coatings. Based on cross-sectional
data in this study, it is evident that ED coating can produce on average a hard layer via the
incorporation of TiC into the workpiece surface of steel, in a composite structure combined
with a rapidly re-crystallised and hardened steel phase. The results clearly indicate that
hardness is not consistent throughout the layer, but depends on location of indentation. For
practical applications, including wear of the coating, local variation in hardness properties

may not affect the overall performance as opposed to the mean hardness values.



The results in this work can be compared to a composite coating system created by pulsed
laser melting of TiC on 304 steel [33]. In this study, a similar but thicker coating was
produced (100 — 400 um). By a similar mechanism to ED coating, the coating is formed by
intermixing of TiC and steel via Marangoni convection, resulting in a composite final
structure. Interestingly, the highest single hardness value measured in the TiC composite
coatings by laser melting was close to the lowest value measured in the equivalent coating
produced by EDC in the present study — approximately 18 GPa (~1800 HV). Under the laser
conditions which produce this value (1 kW), the range of values was also highest, ranging
from 1800 to 300 GPa, with mean hardness between 800 and 1100 HV. With higher laser
powers, the variation in values is notably reduced, and the mean is reduced to ~500 HV and
~400 HV for 2 and 3 kW respectively. This suggests with greater intermixing of steel and
TiC, the hardness is significantly reduced, towards the hardness of the bulk material.
However in the case of EDC the hardness of TiC coatings remains significantly higher than

the bulk material despite a notable standard deviation of hardness values.

Prior research on the mechanical properties of ED coatings has employed simple Vickers
testing to determine the hardness of typical coatings produced by the process. In the present
study, a more thorough examination of the mechanical properties of such layers was
conducted via the nanoindentation process. The advantage of such a technique is the
visualisation of the indents themselves to confirm the accuracy and distribution of
indentation, and the inspection of the load-displacement data produced by the indentation
technique to further scrutinise the testing process. In this study it was shown that the hardness
of the EDC layer produced using a sacrificial TiC electrode is consistently harder than the

layer produced via a Cu sacrificial electrode, which represents a simple EDM recast layer.



Despite these measurements, a significant variation in hardness exists across all layers tested
by nanoindentation. Specifically, there was a standard deviation between 11% and 27% of the
mean value. For example, the layer produced using a Cu electrode yielded a 2.99 GPa
standard deviation value for a mean hardness of 11.0 GPa. The resulting highest hardness
value measured on this layer was only just less than the lowest hardness measured in the TiC
layer. The WC/TIC coating yielded a slightly reduced mean and range of hardness values,
explained by the slightly lower hardness of pure WC compared to TiC.

To understand such a large variation in hardness results produced by nanoindentation, and the
relationship between hardness and indent location, the size of indents should be considered
based on the understanding of the microstructure and composition of the coating. It has been
shown that the TiC coating structure has a graded size and distribution of TiC grains in an
iron-based matrix [10]. The maximum depth reached in the indentation was 150 nm,
therefore the largest width of material interrogated by the indent is 1.5 um based on standard
indent 1:10 depth:width aspect ratios. Therefore the majority of material subject to
deformation is in the sub-micron scale. The indents on the TiC coating cross-section were at
an average of approximately 4 um depth from the top surface. When considering the
structures presented in the cross-sectional TEM work, at 4 um depth, TiC grains are
separated by regions of steel matrix with distances of 100s of nm. Therefore it is reasonable
that initial indentation on sections of the softer steel matrix could explain the lower bound of
the hardness results for all coating samples. Similarly, it is clear than any indentation on a
TiC based coating will at some point interact with both phases, and therefore the fact that the
upper bound of hardness is lower than the theoretical hardness of TiC is explained by this.
The TiC/Si coating yielded a mean hardness value similar to that of the Cu based layer. This
is despite the TiC content forming the majority of the coating in terms of composition, and Si

contributing only 5-6% by weight maximum to the coating. It can be noted that SiC was not



detected by XRD analysis, which is expected to have a similar hardness to TiC, hence its
absence would help explain the significant in reduction in hardness compared to the TiC
coating. In the case of Si being present in the amorphous form, nanoindentation has measured
its hardness at a mean of ~9.5 GPa [34]. Crystalline silicon nano-indentation hardness has
been measured between 6 and 14 GPa, depending on orientation [35]. Hence a modest level
of Si present possessing this range of hardness values could explain the significantly reduced
mean cross-sectional hardness. The much reduced scatter of hardness data for the TiC/Si
coating can also be explained by the reduced porosity present in the layer, giving further
evidence that porosity is likely playing a role in the nanoindentation behaviour. Additionally,
the contribution of residual stress to the load bearing behaviour cannot be ruled out and the

residual stress condition of the layer should be considered for further work.

5. Conclusions

Next-generation recast layers on components machined by EDM will likely exploit EDC
phenomena to yield a layer with favourable properties, in order to avoid recast layer removal.
This work builds towards this goal by demonstrating a TiC based coating can be created
without defects via the use of sequential Si coating. The main conclusions of the work are the
following:
e ATIC based coating can be created absent of surface cracking and porosity on a
stainless steel substrate by the re-melting of the layer with a second coating using an
Si electrode with 1 mm of sacrificial electrode wear. In addition, no evidence of
cracking and porosity was seen in cross-sectional analysis.
¢ Inthe case of Si particles in the discharge gap, enlarged discharge gap width,
theorised to result in reduced impact force due to bubble expansion, explained the

reduced cracking and porosity associated with Si based discharge craters and hence



coating properties. Similar sizes of Si and TiC individual discharges indicates that
overall energy density is not notably affected. The lower density of Si compared to
TiC, with therefore greater uniformity of particles in the discharge gap, lowering the
dielectric breakdown strength and thereby increasing gap width, explains the
improved properties of Si based coatings over those from TiC.

e A composite ceramic coating comprised of WC and TiC was fabricated using
sequential coating of the former followed by the latter. The final layer comprised a
highly uniform mix of both material types. This indicates EDC can be used for the
fabrication of more complicated composite layers.

e The ability of EDC to transfer material from workpiece to substrate appears to depend
strongly on thermal properties of the electrode material, specifically melting point.
WC and TiC can be deposited and form the majority of the composition of the
coating, whereas Cu and Si comprise a much lower level - ~2 and ~5.5% respectively.
This is explained by the ability of material to resolidify quickly and thereby resist
molten ejection and/or evaporation.

e Nanoindentation data showed that the TiC and WC/TiC coatings yielded the highest
mean hardness values, both with a similar range of data. The WC/TiC coating yielded
a slightly lower mean hardness of 19.1 compared to 21.8 GPa for the TiC, owing to
the lower hardness of pure WC. A small level of Si (~5-6% at maximum) present in
the TiC coating served to reduce the mean hardness of the coating notably, however
the scatter in the hardness data was also reduced significantly owing to more uniform
properties and morphology. Hardness of the ceramic based coatings was

approximately twice that of the Cu machined layer under identical conditions.
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Table 1 Experimental parameters

Tool electrode materials TiC, Si, Cu, WC, Zr
Workpiece material 304 stainless steel
Oil (dielectric) Shell Paraol 250
Tool electrode polarity Negative
Parameter Set A 320 V; 10 A current: 8 us ON / 256 ps OFF
Parameter Set B 260 V; 5.5 A current: 8 us ON / 64 us OFF




Table 2 Coatings and parameter sets evaluated within this study

Electrode Parameter Sets Electrode wear (mm)
TiC, Si, Cu, WC, Zr A 0.5
TiC, Si, Cu, WC, Zr B 0.5
WC/TIC, TiC/WC AlA 05/05
SIi/TiC B/A 0.2,05,10,15&2.0/0.5
TiC/TiC B/A 05/05
Si/TiC B/A 05/05
TiC A Single discharge
Si A Single discharge
Si B Single discharge




Table 3 Single layer EDX compositional data for the developed coatings (Parameter Set A).

Remaining elemental composition for all samples is other constituents of steel.

Tool Melting Boiling W1t.% of main element, C
electrode | point/°C point/°C and Fe
TiC 3065 [17] 4820 [18] Ti 39.6, C 29.7, Fe 21.8
wWC 2785 [19] 6000 [20] W 40.5, C 27.7, Fe 21.3
Zr 1854 [21] | 4406 [21] Zr 9.5, Fe 44.7,C 20.2
Si 1410 [22] 2357 [23] Si 9.8, Fe 52.5, C 16.6
Cu 1083 [22] 2562 [22] Cul.l,Fe48.8,C285




Table 4 Multi-layer EDX compositional data

Tool electrode

W1t.% of main element, C and Fe

TiC(A) / Si(B) Ti 24.2, Fe 31.9, C 27.3, Si 1.9
Si(B) / TIC(A) Ti 41.7, C 29.3, Fe 20.5, Si 0.2
TiC(A) / TIC(B) Ti 27.5, C 37.6, Fe 23.4

WC(A) /TiC(A) | Ti29.3, C 28.0, Fe 18.1, W 175

TIiC(A) / WC(B)

W 39.4, C 25.5, Fe 24.3,




Table 5 Hardness and standard deviation measured by nanoindentation

Steel Cu TiC TiC/Si WC/TiC

Mean hardness | 1.90 11.0 21.8 114 19.1
(GPa)
Standard 0.28 3.0 2.99 1.21 3.16
deviation

(GPa)
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Highlights

A crack/pore free ceramic based coating was made by electrical discharge coating for
the first time from sacrificial electrodes.

A second coating from Si was used to reduced cracking/porosity in a TiC layer via
gap width enhancement.

Material attachment level is correlated with melting point, explained by resistance to
ejection via quicker solidification.

A TiC coating yielded hardness double that of a Cu based recast layer.

Recast layer removal may be avoided by adoption of multi-layer coatings for
favourable mechanical properties.
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