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Abstract 

While drilling of CFRP-Ti stacks, tool experiences complex tribomechanical interaction due to 

dissimilar workpiece constituents. For emulating tool wear behaviour, the typical tribotest 

configuration such as reciprocating and pin-on-disc test are not representative for imitating 

contact scenario underwent during the drilling operation. Cross-cylinder tribotest is an effective 

test configuration to emulate contact in different manufacturing processes by providing fresh 

contact surface during sliding. In this work, for the first-time, tool wear of WC-Co cylinders was 

analysed in cross-cylinder configuration against multi-material stack arrangement. Moreover, 

cross-cylinder testing against multi-material [CFRP-Ti]n workpiece showed cyclic variation in 

coefficient of friction against different workpiece constituents and wear mechanism is a 

combination of adhesive and abrasive wear on WC-Co tool, comparable to actual drilling 

operation. 
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Introduction 

With the increased demands for improved fuel efficiency and environmentally friendly 

alternatives, the use of light weight composite structural parts for the aerospace and aeronautic 

industry is growing at a rapid pace. Particularly, the use of CFRP coupled with titanium are 

gaining popularity due to high strength to weight ratio, high galvanic corrosion resistance and 

excellent load bearing capabilities, making it desirable material for new generation of modern 
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aircrafts [1]. In Airbus A350 and Boeing 787, CFRP-Ti stacks are employed in primary aircraft 

structural components like fuselage, aircraft wing spar and ribs to benefit from exceptional 

properties of both materials [2]. The demand for CFRP-Ti and other stacks combination is 

speculated to soar in near future due to growing trend toward sustainability, however inadequate 

machinability of such stacks could hinder their widespread usability. 

Drilling of CFRP-Ti stacks is inevitable for making holes for rivets and fastener assembly. The 

exceptional material properties of CFRP-Ti stacks pose unmatched difficulty in its drilling and 

machining, knowing the fact that both CFRP and titanium alloys were classified as difficult-to-

machine materials. The machining of these composite-metal stacks causes severe tool wear and 

cutting induced damages like interfacial delamination, poor surface finish and unacceptable 

quality of machine parts, because of disparate characteristic of workpiece constituents [3]. In 

order to improve the machinability and increase tool life, understanding the tool wear mechanism 

of CFRP-Ti stacks could provide important information about the selection of cutting parameters 

and further improvements to cutting tools. Previously, researchers have strived to evaluate the 

tool wear mechanism during drilling and machining of CFRP-Ti stacks [4–8]. However, in 

drilling experimental investigation, the fundamental mechanism is yet difficult to understand due 

to complex tool-chip interaction and cutting response of both materials. Xu et al. [9–11] 

performed orthogonal cutting operation on CFRP-Ti workpiece for inspection of the cutting 

mechanism in drilling of CFRP-Ti stacks, by employing a high speed camera for analysing 

dynamic chip formation mechanism in composite-metal stacks. The author reported that cutting 

sequence could have significant implication on the chip separation mechanism and tool wear. 

The chip adhesion on the tool rake face from the pre-cutting is responsible for increased tool 

vibration and chatter specially in region of stack interface. The cutting mechanism changes from 

brittle fracture to elastoplastic deformation mode in the transition zone as the tool moves from 

CFRP to titanium material. 

Nevertheless, there is no simple evaluation method described earlier to analyse the wear 

mechanism of the uncoated or coated tools caused during drilling of multi-material stacks in a 

simple and controlled fashion, other than performing the actual drilling or cutting operation. 
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Cross-cylinder tribotest is a simple yet effective way to imitate the contact situation experienced 

during the drilling or machining operation by continually exposing the tool to fresh surface, 

while ensuring facile control of the contact parameters. In cross-cylinder tribotest (Fig. 1), a 

cylinder of large diameter acting as the workpiece material is set in rotation by fixing it inside 

the head of the lathe and guided by the live-center, whereas smaller cylinder acting as the tool 

slides across the big cylinder in the axial direction with a uniform feed rate. An appropriate feed 

rate was opted by Hertzian contact model and experimental trials to guarantee contact against 

fresh material surface during the test. 

 

Fig. 1: Schematic of cross-cylinder tribological test 

Despite the fact that cross-cylinder test was proposed in 1989 by Hedenqvist [12], it is 

recommended in some current studies as an optimal solution to simulate tribological contact 

scenarios for forming and machining operation [13,14]. Recently, the effectiveness of the cross-

cylinder tribotest has been demonstrated to mimic the tool wear mechanism during turning of 

titanium alloy [15]. Table 1 shows a brief literature background on the cross-cylinder tribotest 

technique employed to mimic the tribological interaction in various manufacturing processes like 

rock-drilling, machining, turning, tool chip interaction, mounts in zipper industry; and the 

influence of different parameters on the wear behaviour of the tool was discussed. This tribotest 

configuration has numerous benefits like higher degree of control i.e.  start/stop test on demand 

to evaluate wear, reduced effect of machined chips interfering with acquisition of data and 

flexibility to perform test for long travel distance. Moreover, test could be performed in 

intermittent and continuous mode to mimic tool-workpiece tribological interaction while 

avoiding the edge deterioration effect caused by plastic deformation or chipping. 
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Table 1: Cross-cylinder tribotest employed to mimic different processing applications and different 

parameters analysed in the literature. 

Tool 

cylinder 

Tool cylinder 

coatings 

Workpiece 

cylinder 

Parameters 

analysed 

Application 

simulated 

Ref 

M2 steel 

PM HSS 

steel 

uncoated 

TiN 

AISI 1045 

AISI 4340 

AISI 321 

Wear mechanism, 

friction, effect of 

sliding speed 

Machining [16] 

HSS tool 

steel 

TiN, CrN, 

TiCN, N/TiN, 

N/TiAlN, 

N/TiAlN+Al203 

(N/= nitrided)  

Carbon steel S45C 

(JIS) 

Pure Copper 

Normal load  

Sliding speed 

Counter materials 

Sliding distance 

Forming 

tools 

[17] 

M2 steel CN 

TiCN 

AISI 1019 steel Normal load 

Sliding speed 

lubricants 

Metal 

forming 

tools  

[13] 

M2 steel 

Cr 

W–Si–N  

Ck60 

DIN Ck45 steel 

shaft 

SiC abrasive 

particles 

Miroscale 

abrasive 

wear 

[18] 

PM HSS 

steel 

TiN 

AlCrN 

TiAlN 

Al2O3 

20NiCrMo2 case 

hardening steel 

Continuous and 

intermittent sliding 

mode and 

compared with 

milling insert 

Milling 

operation 

[14] 

PM HSS 

steel 

HSS steel 

TiN 

AlCrN 

20NiCrMo2 case 

hardening steel 

Surface roughness, 

sliding speed 

Continuous and 

intermittent sliding 

Cutting 

tools 

[19] 

[20] 

PM HSS 

steel 

TiN 20NiCrMo2 case 

hardening steel 

Normal load, 

sliding speed, 

material transfer 

Milling [21] 

HSS steel TiN Steel with 1 mass% 

of Si or Cr 

Steel with 1 mass% 

of Mn or Al 

Effect of Si, Cr, 

Mn & Al in steel 

on material 

transfer and CoF 

Tool-chip 

contact in 

machining 

[22] 

[23] 

WC-

6%Co 

- Different rocks e.g., 

marble, granite etc. 

Wear mechanism Rock 

drilling 

[24] 

[25] 

WC-Co 

WC-Fe 

WC-Ni 

- Rock granite Binder metal 

influence on WC 

Rock 

drilling 

[26] 

WC-

15%Co 

Uncoated 

CrC 

CrN 

Copper zinc alloy 

work hardened 

Oxygen free pure 

Copper 

Wear mechanism 

in dry and 

lubricated 

conditions 

Zipper 

industry 

[27] 

[28] 

WC-

6%Co 

- Ti6Al4V Wear mechanism Turning [15] 
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WC-

10%Co 

- Multi-material stack 

(CFRP-Ti) 

CFRP 

Ti 

Sliding distance Drilling & 

machining 

*Us 

However, to the best of our knowledge, in this work we present for the first time, a cross-

cylinder tribological test employed against multi-material stack configuration with alternating 

arrangement of disparate material i.e., CFRP-Ti rings. In order to corroborate accuracy of the 

data acquisition for the lab build tribometer, the test was performed at different sliding speed 

against titanium to optimize the sliding parameters. Later, for one of the sliding conditions, 

tribotest against CFRP and CFRP-Ti stacks workpiece was performed, and wear behaviour was 

analysed. 

Experimental 

Materials 

Carbon fiber reinforced polymer (CFRP) plates of 300x300x7.3mm were procured from INEGI, 

fabricated at 5 bar of curing pressure in an autoclave chamber using HexPly® 8552 prepreg 

arranged in [0°,90°] orientation, with more details given in Table 2.  

Table 2: Details of CFRP workpiece 

Parameter Specifications 

Prepreg Hexply® 8552 UD AS4 

Unidirectional fibers 

Fiber orientation [0°,90°]10s 

Fiber Filament count 12K 

Fiber volume fraction 57% 

Resin  Amine cured epoxy 

Curing pressure 5 bar 

Plate thickness 7.3mm 

 

Moreover, Titanium Ti6Al4V alloy tubes of OD=40mm and ID=30mm was used as the 

workpiece material for initial testing and parameters optimization. Seamless Ti6Al4V tubes were 

procured from TSM Technology China, produced by deep hole drilling of extruded round bar. 

Table 3 shows the chemical composition of titanium tubes. 
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Table 3: Chemical Composition of Titanium Ti6Al4V tube 

N C H Fe O Al V Ti 

0.05 0.08 0.015 0.4 0.2 5.5~6.75 3.5~4.5 Bal. 

For the tool material, WC-Co cylinders of Ø=10mm and L=50mm were used, provided by 

Sandvik Coromant AB, Sweden. WC-Co cylinders has 10% of Co metal binder (H10F grade) 

that were polished using a metallographic sample preparation process, using 1µm diamond paste 

to achieve adequate surface roughness of Ra= 0.069±0.007 µm. The purpose of polishing is to 

minimize the effect of surface roughness on wear and facilitate the assessment of small changes 

in wear amounts against different workpiece materials. Prior to mounting the polished WC-Co 

cylinder in the tool holder it was cleaned with ethanol to remove any adsorbed impurities from 

environment. 

Preparation of the workpiece shaft 

Before performing the test against Ti6Al4V workpiece, the tubes were ground sequentially using 

SiC paper of different grits upto P2000# to alleviate the influence of surface roughness on the 

tribotest results. The grinding operation was repeated prior to each test and a newly ground 

Ti6Al4V tube was used for any subsequent trials. 

Abrasive water jet machining was used for machining of CFRP plate of 7.3 mm thickness using 

water pressure of 5400 bar with garnet as abrasive material, at a feed rate of 385 g/min to 

machine rings with OD=40mm and ID=30mm from the plate (Fig. 2a). These rings were then 

mounted and arranged on the steel shaft with a tight dimensional tolerance to ensure a close fit. 

Since small dimensional variation can occur, the stack of CFRP rings were ground with SiC 

paper P80# and later with P120# to remove any minor variation in the rings alignment and to 

minimize the sudden variation in the applied load during the tribotest running. The organization 

of CFRP rings was specifically selected to expose the CFRP fiber acting perpendicular in contact 

against WC-Co to cause intense abrasive and brushing action of fibers experienced during the 

actual drilling operation. Following every tribotest the surface of the CFRP stacks were renewed 

by using an emery paper of P120# to expose the underneath surface and remove any previous 

surface damages from the tribotest. 
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To assemble shaft of multi-material stack, CFRP and Ti rings fabricated by abrasive water jet 

machining of plate and turning of titanium tube, respectively were employed. The titanium tubes 

were machined to produce rings with same thickness of 7.3mm (Fig. 2b). The rings of CFRP and 

Ti were then arranged in alternative fashion on a steel shaft and further secured by mechanical 

fastener as shown in Fig. 2c,d. The dimension of the rings were in close diameter tolerances, but 

in order to further ensure smooth transitions, as the tool cylinder slides across the CFRP-Ti 

workpiece, it was ground multiple times with SiC paper P80# and P120# to abate the effect of 

edge variation to the greatest extent possible. Following each tribotest, the grinding of the CFRP-

Ti shaft was performed using P80# and P120# SiC paper multiple times to remove any effect 

from the previous testing. 

Cross-cylinder tribological test 

During the cross-cylinder tribotest, the tool cylinder is exposed to the fresh workpiece surface as 

the tool progress in the transverse direction (axial relating to the rotating shaft) with the feed rate 

adjusted in such a way that the tool cylinder contacts the new surface with no overlap. However, 

as the test progresses further a minor overlap could occur due to the wear of the tool cylinder 

which is quite expected. Fig. 2e shows the experimental setup employed for the tribotest. The 

workpiece material was held in the chuck of the lathe machine and centred by the live center. 

The workpiece material and tool cylinder could be easily interchanged for each test. The tool 

cylinder is mounted in the holder connected directly with the tangential and normal force sensor 

firmly held in the tool post of lathe. The tribometer was built from scratch in the lab and the 

components were machined separately and assembled in-house to properly hold the tool 

cylinder. Prior to each test, the tool cylinder was brought in close proximity of the workpiece 

cylinder followed by application of normal load by using dead weights, with a compliant 

transmission to minimize vibration. Moreover, calibration of both force sensors was performed 

carefully to ensure accurate data being obtained during the test. The variation in the normal and 

tangential forces was recorded in real time waveform spectrum from the test using Picoscope 

3204A oscilloscope and Picoscope 6 software. Later the results were analysed to obtain values of 

CoF evolution over time/distance. Fig. 2f shows the flow chart for the data acquisition during the 

tribotest. A simultaneous signal generated from the tangential and normal force sensor was 
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amplified by an amplifier and acquired by the digital oscilloscope and then analysed to determine 

CoF. 

Table 4 shows the test conditions employed to analyse the influence of sliding speed on the 

tribological properties against Ti6Al4V alloy. The test was performed at room temperature in 

ambient air. The CoF variation over time was analysed throughout the test. After the test, the 

wear tracks were analysed by SEM, EDX (Hitachi SU 3800) and 3D optical profilometry 

(Alicona Infinite Focus G4). Furthermore, to study the influence of workpiece cylinder i.e., 

multi-material stack, lowest sliding speed was selected to reduce the effect of contact 

temperature. The details about the test conditions and the distance travelled during the test are 

shown in Table 5. While sliding against CFRP-Ti workpiece, the tool cylinder is always aligned 

on the titanium ring and then the test was performed.  After the test, the wear scar was analysed 

by SEM and EDX mapping to analyse the morphology and elemental composition of the 

transferred material respectively. Moreover, for selected sample, cross-sections were prepared by 

Focused Ion Beam (FIB, FEI Helios NanoLab 650) and analysed by SEM using 5KV 

accelerating voltage. A layer of platinum was deposited in-situ in vacuum chamber to protect the 

region of interest from ions during milling and polishing carried out by Gallium ions. 
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Fig. 2: a) CFRP rings machined using abrasive water jet machining b) Ti rings c) stack of CFRP and Ti 

rings d) schematic of assembled workpiece cylinder with alternative arrangement of CFRP (Black) and 

Ti (grey) rings e) Experimental configuration of triobtest f) Scheme of data acquisition from the 

tribotest 

Table 4: Test conditions for analysing influence of different test speeds against Ti6Al4V alloy. 

Parameters Values 

Applied load (N) 20 

Feed rate (mm/rev) 0.3 

Outer diameter (mm) 40 

Revolution (rpm) 170 235 320 568 

Sliding speed (m/min) 21.3 29.5 49.2 71.3 

Total sliding distance (m) ~155 ~160 ~159 ~154 
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Table 5: Sliding distance and conditions during cross-cylinder test against different workpiece 

materials  

Parameters Values 

Workpiece material Ti6Al4V CFRP CFRP-Ti 

Applied load 20 N 

Rpm 170 

Sliding speed 21.3 m/min 

Feed rate 0.3 mm/rev 

Outer diameter 40 mm 

Total sliding distance ~ 155 m ~154 m ~121 m 

Results and Discussion 

 

Fig. 3: Microstructure of the (a) Ti6Al4V alloy tube and (b) CFRP 

Fig. 3a shows the microstructure of the cross-section of titanium (Ti6Al4V) tubes prepared by 

metallographic grinding, polishing route and subsequently etched with Kroll reagent (6% HNO3 

+ 1%HF and 93%water). It mainly consists of two-phase lamellar microstructure in the elongated 

grains. The hardness of the Ti6Al4V tube was determined by applying 1kgf load using a pyramid 
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diamond indenter in Vickers hardness tester and it showed value of 346±13 HV1. For the CFRP 

composite plate, cross-section specimen was mounted and polished by using 1µm diamond 

paste. The microstructure was captured by using the optical microscope showing [0°,90°] 

orientation of the CFRP fibers as shown in Fig. 3b. The CFRP fibers has an average diameter of 

6.7±0.3µm. The predominant orientation of the fibers perpendicular to the ring contact surface 

would offer maximum abrasive and brushing action during the cross-cylinder testing. 

 
Fig. 4: a) CoF evolution with sliding distance against Ti6Al4V tube tested at different sliding speeds. b) 

Average CoF of the stabilized region (40-140m) as a function of sliding speed. 

Fig. 4a show the evolution of CoF of WC-Co cylinder sliding against Ti6Al4V tube at different 

sliding speeds for a nominal sliding distance of ~157m at normal load of 20N. It was observed 

that CoF showed an increase in the beginning of the test associated with the running-in effect 

which stabilizes after 40m of travelled distance for all the sliding speeds. Fig. 4b shows the 

averaged CoF for the stabilized region from 40-140m of travelled distance presented as a 

function of the sliding speed. It showed that with an increase in the sliding speed from 

21.3m/min to 29.5m/min, the average CoF decreased slightly, but with further increase in sliding 

speed the CoF increased gradually. In case of highest sliding speed of 71.3 m/min, the average 

CoF recorded was the highest that could be attributed with increased temperature and adhesive 

wear occurrence while sliding against reactive titanium counterbody. Despite the use of different 

sliding speed, the fluctuation in CoF was relatively small after the running-in period and are 

quite close to one another except highest sliding speed of 71.3 m/min with slightly large 

fluctuations. 
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Fig. 5: EDX map of the worn region of WC-Co cylinder after sliding against Ti6Al4V tube at different 

sliding speed. 

Fig. 5 shows the EDX map of the contact area of WC-Co cylinder tested against Ti6Al4V tube at 

different sliding speeds. The adhesion of the titanium increased gradually with the rise in the 

sliding speed. The high adhesion of titanium on the WC-Co cylinder could be the reason for the 

increased CoF observed during the test at higher sliding speeds. Further, the increased adhesion 

of aluminium in the EDX map confirms higher adhesive wear with increasing sliding speed, for 

both Al and Ti elemental maps, as aluminium is one of the constituents of the titanium 

(Ti6Al4V) alloy. Similarly, an increase in oxygen concentration was also observed with 

increasing sliding speed on the wear region showing oxidation. According to literature, cutting 

speed is one of the main factor affecting tool wear in titanium machining, and occurrence of 

wear phenomena like adhesion, diffusion and oxidation were accelerated between the tool-chip 
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interface with the increase in cutting speed [29]. The excessive adhesive wear and accumulation 

of titanium workpiece material dulls the cutting edge, leading in higher temperature, frictional 

forces and torques during the machining process [30]. 

 

 
Fig. 6: 3D surface profilometry of the WC-Co cylinder sliding against Ti6Al4V at different sliding speeds 

and 2D surface profile of the cross-section of WC-Co cylinder. 

Fig. 6 shows the 3D surface profilometry of WC-Co cylinder sliding at different sliding speed 

against Ti6Al4V tube. The enhanced adhesion of titanium with increasing sliding speed is clearly 

seen in the 2D profile of the cross-section in the worn region of the cylinder. The increased 

adhesion is due to highly reactive nature of titanium. A similar increase in adhesion of titanium 

with increasing sliding speed was also observed in the EDX maps presented earlier. Comparing 

the graphic on Fig. 5 with the EDX maps and the 3D profilometry results, it is possible to 

conclude that the evolution of the CoF with the sliding speed is governed by titanium transfer to 

the WC-Co countersurface. 
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Fig. 7: CoF evolution of WC-Co cylinder sliding against Ti6Al4V, CFRP stack and CFRP-Ti stacks in cross-

cylinder configuration. The inset show cyclic variation in CoF while sliding against CFRP and Ti rings. 

Fig. 7 show CoF variation of WC-Co cylinder sliding against different workpiece materials at 

sliding speed of 21.3 m/min and normal load of 20N. When sliding against Ti6Al4V cylinder, a 

sharp increase in the CoF appeared followed by steady CoF of 0.2. However, when the test was 

performed against the CFRP workpiece stack the friction increased initially followed by a short 

steady state CoF with a value of 0.15. With further increase in travel distance, the value of CoF 

against CFRP showed variable response. Whereas, sliding against CFRP-Ti stacks showed cyclic 

variation in the CoF. As the transition of the WC-Co cylinder take place from CFRP to Ti6Al4V 

ring during the test, a sharp increase in friction coefficient was observed. This could be due to 

the contact surface being freshly scrubbed against the fibrous composites oriented perpendicular 

to the tool cylinder. Thus, an active surface for interaction with the reactive titanium is readily 
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available that yields a higher adhesive response and an increased CoF. The inset of Fig. 7 show a 

shorter test on CFRP-Ti stacks to obtain more information about the transition of the tool 

cylinder from CFRP to titanium ring. It was found that a rapid increase in the CoF occurs at the 

interface of CFRP-Ti stack. In the literature, a similar increase in thrust force response was 

reported for drilling operation when the tool makes a transition from CFRP to titanium plate 

[31]. The variation in thrust forces could be attributed to the variation in the CoF/frictional forces 

experienced in the tribological contact between the tool and different workpiece constituents. As 

the frictional forces are higher against the titanium therefore, the thrust forces experienced while 

drilling of titanium would be higher. This excludes any effect of the machined chips and the 

influence of thickness of the titanium plate. The continuous cyclic variation of the frictional 

force would result in blunting of the tool edge quickly, considering a combination of adhesive 

and abrasive wear action contributing towards increased overall wear.   

 

Fig. 8: Wear scars on WC-Co cylinder after sliding against a) Ti6Al4V b) CFRP and (c) CFRP-Ti stack. 

Jo
ur

na
l P

re
-p

ro
of



Fig. 8 shows the SEM analysis of the WC-Co rods after sliding against Ti6Al4V, CFRP and 

CFRP-Ti stacks workpiece. As established earlier while sliding against Ti6Al4V tube, adhesive 

wear is predominant. However, while sliding against CFRP, abrasive marks were observed on 

the wear scar. The wear analysis of WC-Co cylinder sliding against CFRP-Ti stack showed a 

significantly higher amount of carbides grains dislodged in comparison to its sliding against 

CFRP. Moreover, across the periphery of the wear scar in test against CFRP-Ti workpiece, 

adhered titanium was observed. A closer examination in the middle of the wear scar showed 

localized adhesion of titanium on WC grains in CFRP-Ti case. The wear occurs progressively 

with twin action of adhesive and abrasive wear as evident from the wear scar in CFRP-Ti case. 

Therefore, one could confirm that higher wear was caused while sliding against CFRP-Ti stacks 

and the wear scar was quite complex revealing a synergistic aggressive action of the adhesion of 

titanium locally and in the periphery of the wear scar, with abrasive marks from CFRP and 

removal of WC grains. 
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Fig. 9: EDX map of wear scar of the WC-Co cylinder after sliding against CFRP-Ti stack in cross-cylinder 

tribotest 

Fig. 9 show the EDX map of the wear scar of WC-Co cylinder after sliding against multi-material 

stack of CFRP-Ti in cross-cylinder test configuration. The EDX map clearly shows the adhered 

titanium on the periphery of the wear scar with residue of carbon fiber across the wear scar. On a 

closer examination in middle of the wear scar adhered titanium in localized region was observed. 

This would be due to adhesive wear while sliding against Ti6Al4V ring, but when the tool 

cylinder makes a transition towards the CFRP ring, carbon fibers remove the adhered titanium 

and sometime can dislodge carbides grain adhered with transferred titanium. As known, tool 

wear in drilling of CFRP-Ti stacks occurs by high abrasive action of carbon fiber and adhesive 

action of reactive titanium [32,33]. The tool wear is aggravated causing dulling/chipping of edge 

and high flank wear occur that could lead to catastrophic failure. 
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Fig. 10: FIB cross-section microscopy of WC-Co worn region tested against (a) Ti6Al4V workpiece at sliding speed 

of 71.3 m/min and (b) CFRP-Ti workpiece at sliding speed of 21.3 m/min. S.D stands for sliding direction. 

Fig. 10a shows the SEM microscopy of the FIB cross-section of worn region of WC-Co cylinder 

tested against Ti6Al4V workpiece at 71.3m/min sliding speed. It shows the transferred titanium 

in the form of lumps on the contact region that is adhered layer by layer and present lamellar 

flow in the direction of sliding. It seems that during the testing, titanium is being adhered 

gradually over previously transferred titanium. The contact surface of WC appears smooth 

showing normal wear and region below few microns is affected predominantly by fracturing of 

the WC grains and their remotion. The transferred titanium also ingress and replace cobalt binder 

and small carbide fragments are intermixed with Ti. Whereas Fig. 10b shows cross-section of the 

worn region tested against CFRP-Ti stack, interestingly transferred titanium layer have black 

patches that would be CFRP powder debris produced while sliding against CFRP. The 

intermixing of titanium with CFRP powder debris would have occurred when WC slides across 

multiple titanium and CFRP rings in multi-material workpiece. In comparison, higher 

replacement of the Co binder and dislodged grains with transferred titanium was observed while 

sliding against CFRP-Ti stacks. The contact region also showed local depression that 
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corresponds to high wear, plastic deformation, and increased movement of WC grains. The 

removal of WC fragments and movement of WC grains could be due to brushing action of 

carbon fibers of composite. The abrasive fiber and powdery debris could easily reach in between 

the carbide grain and remove soft Co binder resulting in weakening of the substrate strength for 

easier evacuation of WC fragments and motion of the WC grains. Thus, in CFRP-Ti stacks 

machining, grain size distribution of WC grains and binding strength of the Co binder could 

significantly determine tool wear performance. Moreover, in correlation of FIB cross-section 

observation with tool wear in drilling of CFRP-Ti stacks, a similar ‘powdery’ composite chips 

formation is frequently reported that weld firmly with the cutting tool [5]. The embedded 

composite powder is highly abrasive in nature that causes roughening of the contact yielding in 

increased tool wear. 

Thus, by using cross-cylinder configuration of tribotest, it is possible to mimic a similar wear 

mechanism response in a simple and controllable way. As can be seen that sliding against 

titanium showed adhesive wear while against CFRP showed abrasive wear. The wear against 

CFRP-Ti was aggravated response of abrasive and adhesive wear alongside occasional removal 

of cemented carbide grains forming smaller pits [34]. Further, in cross-cylinder test the 

workpiece shaft can be renewed repeatedly for continuation of the tribotest for a longer duration 

on the similar contact to emulate the wear mechanism for a long distance, while keeping a fresh 

countersurface. 

Conclusions 

 A cross-cylinder tribotest is an effective technique to emulate the wear mechanism during 

the drilling operation. For the first time, the new multi-material stack configuration in cross-

cylinder tribotest was proposed for emulating the drilling operation of CFRP-Ti stacks. The 

wear mechanism during drilling of CFRP-Ti stack is a combination of adhesive and abrasive 

wear which was mimicked quite closely by a simple technique. 

 While sliding against Ti6Al4V workpiece, adhesion dominates the wear mechanism. The 

adhesion increases with the increase in sliding speed which ultimately increases the CoF. On 

the other hand, CFRP workpiece showed abrasive wear response. A dual action of adhesive 
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and abrasive wear, which occurs for CFRP-Ti stacks, contributed towards an accelerated 

tool wear. 

 Considering the simple acquisition process and ease of interchangeable workpiece material 

the testing methodology could easily be extended for other multi-material stacks 

combinations like CFRP-Al and CFRP-Al-GFRP etc.  

 Cross-cylinder tribotest has great potential for a cost-effective and robust preliminary 

appraisal procedure for evaluating the performance of new coatings, prior to their use in 

drilling or machining operations. 
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