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Abstract
This work discusses tribological properties of commercial pure (CP) titanium processed by multi-directional forging (MDF) 

up to six passes at room temperature and 220 °C. For this purpose, wear test was conducted by dry sliding pin-on-disk method 

on the initial and ultrafine grained samples using different stress magnitudes of 1, 1.5 and 2 MPa. The results showed that 

wear resistance of CP titanium increases after the first pass of MDF in comparison with the initial condition, irrespective of 

the applied normal stress. For example, the average wear rate of MDFed samples was decreased about 30% and 24%, after 

first pass at room temperature and 220 °C, respectively. However, average wear rate of the samples processed by six MDF 

passes was reduced about 40% at lower normal loads; it was increased about 9% at higher ones as compared to the initial 

condition. It was also found that the dominated wear mechanisms were abrasive and delaminated at the lower stresses, while 

the delamination mechanism was intensified and a slight adhesion was observed during the higher applied normal loads.
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1 Introduction

Severe plastic deformation (SPD) methods have proved their 

capability and potential as a suitable technique for produc-

tion of bulk ultrafine grain (UFG), and even, nanostructure 

(NS) metals and alloys [1–5]. Some of the prominent SPD 

methods which have been well developed include equal 

channel angular pressing (ECAP) [6, 7], equal channel for-

ward extrusion [8], high-pressure torsion (HPT) [9], planar 

twist extrusion (PTE) [10], constrained groove pressing 

(CGP) [11], accumulative roll bonding (ARB) [12], cryor-

olling [13], multi-directional forging (MDF) [14], etc. It is 

generally accepted that materials with refined grain structure 

can be prepared by imposing shear stress through SPD meth-

ods, during which the density of dislocations significantly 

increases. Moreover, the resulting structure is almost free of 

porosities and impurities, and the material does not suffer 

from the dimensional change [15–17].

Multi-directional forging is categorized among the rela-

tively new SPD methods. Nevertheless, till now, a lot of 

different pure metals and alloys have been processed by this 

technique with perspective results. Through this two-side 

closed forging technique, the rectangular sample with dif-

ferent aspect ratios is pressed from three directions. Addi-

tionally, the sample can be rotated 90° around the central 

forging axis after each pass of the process to intersect the 

shear bands at three dimensions. This results in extreme 

grain refinement and homogenization of the final micro-

structure. It should be noted that this method can be per-

formed at various temperatures, strains (by considering the 

sample dimensions) and strain rates. Accordingly, the con-

trollable amount of the induced strain during each pass and 

the repeatability of the process are the main advantages of 

MDF method. Furthermore, the attained structure after con-

secutive passes of MDF is more homogenous in compari-

son with some SPD methods due to the multi-axial nature 

of this technique. Moreover, low ductile materials could be 
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processed by this technique due to the compressive nature 

of the induced strain [18, 19].

Although improved mechanical properties of the ultrafine 

grain materials have been well demonstrated, there are 

limited studies on their tribological behavior. In fact, the 

wear resistance of UFG materials is of crucial importance 

especially for structural applications, because surface deg-

radation is one of the main reasons of failure in case of 

components which are in contact during motion [20, 21]. 

As known, one of the motives for the application of SPD-

processed pure titanium is its potential as a biomaterial. 

Improving strength and fatigue properties of pure titanium 

through different SPD methods makes it a suitable candi-

date for implant materials by considering its good corrosion 

resistance and biocompatibility. It is needed to mention that 

if the wear resistance of implant would be low, the abrasive 

particles may lead to loss of exact bio-metal contact and 

occurrence of toxic reactions in the surrounding live tis-

sues; therefore, investigation of wear resistance is unavoid-

able [22].

The effect of some SPD methods on wear properties of 

commercial pure (CP) titanium has been investigated in lim-

ited researches. Purcek et al. [23] reported that by reduc-

ing the grain size of CP titanium to 300 nm via the ECAP 

process at 300 °C, despite the improvement of mechanical 

properties, no significant improvement was observed in slip 

wear resistance. On the other hand, the studies by Wang 

et al. [24] and La et al. [25] showed that by applying the 

HPT process at RT and eight passes of ECAP process at 

450 °C, wear resistance improved. In general, there are scat-

tered results about the wear resistance of UFG pure titanium. 

Also, despite the simplicity, low cost and more potential 

for industrial application of MDF process in comparison 

with those of many SPD methods [14], the effect of this 

process on the wear properties of CP titanium has not been 

studied. For this aim, grade 2 CP titanium was processed 

through MDF process up to six passes at both room and 

220 °C temperatures. Afterward, wear rate of initial mate-

rial and MDF-processed CP titanium at different conditions 

was measured. Moreover, the surface morphology of worn 

surfaces and abrasive particles was investigated by scanning 

electron microscope (SEM).

2  Experimental

The MDF die used in this study was manufactured from 

tool steel AISI/SAE H13 and was heat treated in order to 

obtain the hardness of 52 HRC. The used BT1 titanium 

(grade 2) has a nominal composition of 99.27 Ti, 0.372 

Al, 0.201 Fe, 0.079 Mn, 0.043 Cr and 0.029 V (wt%). The 

as-received material was in rolled condition. The samples 

were machined to the rectangular shape with dimension of 

10 mm × 10 mm × 15 mm. Prior to the MDF process, all 

samples were annealed at 800 °C for 1 h and were cooled in 

furnace. For MDF operation, a hydraulic press was applied 

with a 100 t capacity and a ram speed of 1.6 mm/s was used. 

MDF process was performed at room temperature (RT) and 

220 °C up to six passes. Molykote 1000 solid lubricant paste 

with composition of grease, graphite, calcium fluoride and 

copper metal powder was employed in order to decrease the 

friction between the surfaces of the sample and die.

For microstructural investigations and grain size measure-

ments of the as-received and MDFed samples, SEM of Zeiss 

Auriga Compact equipped with electron backscatter diffrac-

tion (EBSD) camera was used at an accelerating voltage of 

15 kV and a beam current of 10 nA. The raw data were ana-

lyzed by OIM TSL7 software. Tensile and shear strengths of 

samples were documented by Zwick/Roell Z100 universal 

testing machine at room temperature with the strain rate of 

 10−3 s−1. At least three measurements were conducted for 

each sample in order to increase reliability. The hardness 

of samples was measured by Vickers microhardness testing 

method using HVS-1000A microhardness device. It should 

be noted that the test was performed with the load of 500 

grams and dwell time of 15 s in accordance with ASTM 

E-384 standard.

Furthermore, wear behavior of samples was measured by 

pin-on-disk method using TR-20 DUCOM device accord-

ing to ASTM G99 standard and with the humidity of about 

20%. The device was equipped with a non-contact transducer 

in order to determine the friction coefficient in dry condi-

tion. For all tests, the total sliding distance was chosen to be 

1000 m with the sliding speed of 0.2 m s−1 at room tempera-

ture. Also, the applied normal forces were selected to be 20, 

30 and 40 N, which are equivalent to normal pressures of 

about 1, 1.5 and 2 MPa, respectively. To prepare the required 

wear testing pins, cylinders with the diameter of 5 mm and 

height of 7.5 mm were fabricated using the implementation 

of wire cutting and milling machines. In addition, 100Cr6 

steel material was utilized for preparation of counterface 

disks with the height of 7 mm and diameter of 50 mm. After-

ward, they were heat treated to obtain the hardness of about 

63 HRC. Finally, the magnetic grinding machine was used 

to attain abrasive disks with optimal surface smoothness and 

similar surface roughness.

The weight loss of samples was measured through a digi-

tal balance with a precision of 0.1 mg. In order to calculate 

dynamic friction coefficient between the titanium and steel, 

wear parameters including normal load, linear speed, fre-

quency, etc. were adjusted; after that, applied normal load 

and linear speed were inserted to CDT25 software to record 

the variation of friction coefficient within the sliding dis-

tance. For a better understanding of wear mechanism, the 

surface morphology of worn samples was investigated by 

SEM MIRA3-TESCAN equipped with energy-dispersive 
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spectrometer (EDS). It is worth mentioning that EDS was 

used in order to analyze the chemical composition of worn 

surface and particles. Additionally, the worn particles which 

play an important role in the analysis of wear behavior were 

collected after each test. Finally, SEM with secondary and 

backscatter electrons sensors was applied to determine 

dimensions, morphology and the chemical composition of 

gold-coated aforementioned worn particles.

3  Results and Discussion

3.1  Microstructure Observations

Figure 1 shows EBSD maps of the CP titanium before and 

after the six passes of MDF process at both room tem-

perature and 220 °C. It was observed from Fig. 1a that the 

annealed sample has relatively spherical and equiaxed grains 

with the average grain size of about 44 μm. According to 

Fig. 1b, c, the microstructures were significantly refined with 

resulting average grain sizes of 390 nm and 430 nm after six 

passes of MDF process at room and 220 °C temperatures, 

respectively. The main reason for the considerable decrease 

in grain size is the increment of dislocations density and 

consequently low-angle grain boundary (LAGB) during the 

first step of MDF process. The aforementioned sub-grains 

are subsequently transformed to high-angle grain boundaries 

(HAGBs) by increasing the amount of the plastic strain dur-

ing higher pass numbers. Eventually, the grain boundaries 

become stabilized, and ultrafine grain structure is formed 

[26, 27].

3.2  Mechanical Properties

Mechanical properties of the investigated samples have been 

listed in Table 1. The results indicate that the utilization of 

six-pass MDF process, irrespective of the operating tem-

perature, leads to the improvement of hardness magnitude, 

tensile yield strength and shear yield strength due to the 

increment of dislocations density and formation of the UFG 

structure which are clearly observed in Fig. 1. As demon-

strated, the mechanical properties of MDFed samples are 

improved more considerable by processing at room tempera-

ture than the temperature of 220 °C. It can also be mentioned 

that the obtained mechanical properties at both temperatures 

become closer to each other by increasing the pass numbers 

due to the microstructural homogenization and formation 

of UFG structure.

3.3  Wear Behavior

Figure 2 shows wear rate of CP titanium processed up to 

six passes of MDF at both temperatures, when the normal 

pressures of 1, 1.5 and 2 MPa were applied. It was observed 

Fig. 1  EBSD maps of CP titanium after a annealing, b six passes at room temperature, c six passes at 220 °C (ND normal direction, TD trans-

verse direction)
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that the first pass of MDF leads to improvement of wear 

resistance as compared to the initial sample for all applied 

normal loads at both room and high temperatures. The origin 

of this improvement may be described by Archard relation:

where Q, V, L, F and H represent wear rate, wear volume, 

total sliding distance, applied normal load and hardness 

magnitude, and K represents the Archard coefficient (wear 

coefficient) with the magnitude of lower than 1, which 

depends on the surface condition [11].

Based on Eq. (1), wear resistance (Q−1) is proportional 

to the hardness of sample. In other words, wear resistance 

of CP titanium is improved by application of MDF process 

due to the increment of the hardness magnitude. It is worth 

mentioning that irrespective of the applied normal loads, 

average wear resistance of the material was increased by 

30% and 24% after the first pass of MDF at room and 220 °C 

temperatures, respectively.

As shown in Fig. 2a, MDF process has a positive effect 

on wear resistance of CP titanium regardless the processing 

temperature, when the normal stress of 1 MPa is applied. Six 

passes of MDF lead to ~ 40% increment of wear resistance 

in comparison with the annealed condition. Although wear 

resistance of the material was improved after the first pass 

in higher applied normal loads, it subsequently deteriorated 

(1)Q = V∕L = KF∕H,

in samples with higher pass number. As can be seen, for the 

normal stress of 1.5 MPa, a limited improvement in wear 

resistance can be observed with increasing MDF passes 

from 3 to 6 (specially in processed samples at high tem-

perature), while in case of 2 MPa normal stress, the wear 

resistance was reduced by increasing the pass number up 

to six passes. It should be also noted that at higher applied 

normal loads, the reduction in wear resistance by increment 

of pass number is more profound in processed samples at 

high temperature. Although hardness and strength were 

dramatically improved after the third and sixth MDF pass, 

wear resistance of the aforementioned cases did not reflect 

this improvement for the normal stresses of 1.5 MPa and 

2 MPa. This may be mainly attributed to the active wear 

mechanisms. Titanium is one of the most reactive materials. 

It easily reacts with oxygen and transforms to rutile  (TiO2). 

It seems that the surface oxide layer on titanium plays a 

prominent role in wear behavior of coarse grain (CG) and 

UFG titanium, and possibly, otherwise positive effect of 

UFG structure can be negative for wear resistance [20]. It 

should be noted that the rate of weight loss is sharply inten-

sified, and the wear mechanism is transformed from mild 

to severe condition, by increasing the applied pressure to 

the magnitudes higher than 2 MPa. This phenomenon may 

be the result of temperature rise due to the load increment 

of the worn surface sublayers; hence, making the formed 

Table 1  Mechanical properties 

of CP titanium before and after 

MDF process up to six passes 

at both room temperature (RT) 

and 220 °C

Condition Vickers hardness (HV) Shear yield strength 

(MPa)

Tensile yield 

strength (MPa)

As-received 136 ± 7.27 207 ± 14 228 ± 17.15

One pass at RT 209 ± 4.71 393 ± 11.8 433 ± 24.3

One pass at 220 °C 183 ± 10.71 290 ± 3.5 335 ± 7.5

Three passes at RT 246 ± 4.71 450 ± 1.0 560 ± 35.2

Three passes at 220 °C 225 ± 12.8 406 ± 5.0 450 ± 37.41

Six passes at RT 268 ± 16.53 497 ± 13 615 ± 21.6

Six passes at 220 °C 235 ± 9.14 450 ± 2.0 593 ± 12.5

Fig. 2  Variation of wear rate versus pass number of MDF-processed CP titanium at room and high temperatures in applied normal stresses of a 

1 MPa, b 1.5 MPa, c 2 MPa
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tribological layer unsteady. This layer has a ceramic nature, 

because it is gradually produced by oxidation and reaction 

of two surfaces. If the tribological layer is destroyed, it can 

be formed again by the oxidation and chemical reactions of 

uncovered surfaces. It means that the applied normal stress 

of 2 MPa is beyond the limit of mild wear, additionally, the 

sample with the UFG structure (six MDF passes) may be 

more prone to form oxides on its surface; therefore, higher 

weight loss occurs due to the unsteady nature of the tribolog-

ical layer [23, 28]. Titanium oxide films have been observed 

to form more readily on deformed surfaces in comparison 

with the annealed ones, because formation of oxides in UFG 

condition stems from higher reactivity of the surface due 

to the higher surface fraction of grain boundaries and non-

equilibrium grain boundaries [29–32].

Figure 3a–d shows variation of the friction coefficient 

versus sliding distance for different investigated samples. 

As shown in Fig. 3d, the total sliding distance could be 

divided into two regions. The first one is called running-in 

region in where the magnitude of friction coefficient quickly 

increases with adding sliding distance until it reaches a 

steady state region. The reason of the mentioned increase 

can be explained by the increment of the real contact sur-

face, the creation of three-body wear condition results from 

the occurrence of wear particles between the pin and disk 

and the formation of the scratches [33–37]. It seems that 

the overall friction force could be related to two sources: 

the adhesion force which is related to the asperities between 

the real surfaces of layers and deformation force which is 

required for scratching the soft surface using both abrasive 

particles and the asperities of the harder surface. By reaching 

the 200 m sliding distance, the running-in region (first zone) 

is finished and the second region starts. Also, the period of 

running-in depends on the initial surface roughness, so that 

increasing the initial surface roughness results in a longer 

running-in period [33]. In the steady state region, the tribo-

logical layer is formed due to the oxidation and interaction of 

surfaces, and if it is damaged due to the unsteady conditions, 

it could be formed again and has a capability to self-healing. 

It can be said that the mean friction coefficient magnitude 

remains constant if the wear mechanism is constant. The 

observed increment of amplitude fluctuation of the friction 

coefficient versus sliding distance is an indication of adhe-

sion and severe scratching. One example of this event is 

shown in Fig. 3c with the oval box. In fact, the tribological 

layer is fragmented and formed again, which leads to the rise 

and fall of the friction coefficient [28].

Furthermore, irrespective of the MDF pass number and 

processing temperature, the mean friction coefficient of the 

investigated material remains relatively constant in the range 

of 0.49–0.62 (see Fig. 3e, f). Comparable results have been 

reported earlier for titanium. Wang et al. [24] showed that 

the dynamic friction coefficient of titanium is ~ 0.6 and grain 

refinement of the material does not have the considerable 

effect on it, while wear mechanism of CG and UFG titanium 

was different from each other. Likewise, it was reported by 

La et al. [25] that the friction coefficient of titanium is in the 

range of 0.45–0.60 and the UFG structure does not have any 

sizeable effect.

Wear mechanism and consequently sample wear rate are 

changed due to the increment of the applied normal load. For 

instance, at the six-pass room-temperature MDFed sample, 

the amount of wear rate is increased about 37% and 32% by 

increasing the applied normal stress from 1 to 1.5 MPa and 

from 1.5 to 2 MPa, respectively, while the mean friction 

coefficient is still constant. It is mainly due to this fact that 

the friction coefficient is strongly depended on the shear 

strength of interface, which is located between the pin and 

disk [28]. This relation is represented as follows:

where μ, τ0 and τi are friction coefficient, shear yield strength 

of the bulk material and shear yield strength of interface, 

respectively.

This equation indicates that friction coefficient has an 

ascending relation with the shear stress of interface. It is 

generally accepted that the shear strength of interface is 

lower than the bulk material, because the interface (the tri-

bological layer in this work) is mainly formed by oxides with 

ceramic nature. Nevertheless, with increasing normal load, 

there is a local increment of temperature at the tribologi-

cal layer and consequently the shear strength of interface 

is reduced. Hence, the magnitude of friction coefficient is 

almost the same, irrespective of the applied normal loads 

[28].

Figure 4 shows the results of SEM images of worn sur-

face at the initial annealed condition and after six MDF 

passes (room temperature and 220 °C), when the normal 

stress of 1 MPa was applied. In addition, EDS point analysis 

of selected regions is added to this figure. Accordingly, it is 

clear that wear resistance of CP titanium is improved after 

the six passes of MDF process, which was shown in Fig. 2a. 

As shown in Fig. 4a for the annealed CP titanium, there are 

some deep craters shown with oval boxes. The rectangular 

box of Fig. 4a is an indication of delamination on the surface 

of the sample. This mechanism has also been reported in 

the work of La et al. [25] on the wear behavior of CG and 

UFG titanium and observed in many samples of this study, 

as well. During delamination mechanism, some cracks are 

nucleated at the subsurface regions and grown parallel with 

the surface. They are created at regions of subsurface which 

undergoes plastic deformation. It should be noted that most 

delamination of titanium sample is related to the tribologi-

cal layer. This phenomenon occurs in the tribological layer 

(2)𝜇 =
1

√
(𝜏0∕𝜏i)

2 − 1
,
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during the mild wear. Additionally, regions 1 and 2 in Fig. 4a 

shown by the arrows are the glossy areas. These areas can be 

an indication of adhesive wear which is slightly occurred. It 

can be caused by the low shear strength of the annealed sam-

ple’s subsurface that has lost the ability to hold the tribologi-

cal layer in these regions [25, 28]. According to Shamsipur 

et al. [38] abrasive and adhesive wear, was also occurred in 

the as-received CG titanium sample. In addition, La et al. 

stated that adhesion and delamination wear mechanism were 

observed in worn surface of CG Ti [25].

The arrows in the lower rectangular box of Fig.  4b 

which is related to the six-pass high-temperature sample 

show that the tribological layer is being delaminated. Two 

upper rectangular boxes are also indicative of abrasive wear 

Fig. 3  Variation of friction coefficient vs. sliding distance of CP 

titanium during MDF process up to six passes with applied normal 

stresses of 1 MPa a, b, 2 MPa c, d operating at room temperature a, 

c, 220 °C b, d, mean friction coefficients of samples before and after 

MDF process at room temperature e, 220 °C f 
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mechanism in which the scratches are slightly deep in small 

one. Additionally, single arrows (outside of the rectangular 

boxes) illustrate the grooves which are possibly formed due 

to the roughness of contact surfaces and maybe the presence 

of particles. These particles which have been separated from 

the tribological layer, and could not get out among the sur-

faces, are trapped between two surfaces. Consequently, they 

create some scratches and grooves on the sample’s surface, 

since they are hard enough due to the ceramic nature [23]. 

Also, the hard debris particles are generated by delamination 

mechanism or by the asperities of mating surfaces [38, 39]. 

These debris may affect the wear properties in two different 

ways: (1) they may get locked between the sliding surfaces 

and propagate the three-body abrasive wear, consequently 

enhanced the wear rate, and (2) these particles form a pro-

tective transfer layer on the sliding surface in a way that no 

scratch can be seen on it [39].

In Fig. 4c which is related to the six-pass MDFed tita-

nium at room temperature, the arrows in the lower rectan-

gular box are an indication of tribological layer’s delamina-

tion. Also, the upper rectangular box shows abrasive wear 

mechanism. The arrow representing region 1 shows that the 

abraded particles are fragmented due to the delamination 

process. It can be found form the chemical analysis of the 

specified points in Fig. 4d that wear is still limited to the 

tribological layer due to the presence of considerable amount 

of oxygen concentration in EDS analysis of different points. 

It can also be said that the wear process is controlled by the 

tribological layer.

Based on the results of the point analysis and surface 

morphology in Fig. 4 can be deduced that wear resistance 

of UFG CP titanium is better than the CG counterpart when 

the normal stress of 1 MPa is applied. According to Fig. 4b, 

c, wear mechanism and surface morphology of the six-pass 

CP titanium are relatively similar at both room and 220 °C 

temperatures at this applied normal stress. In other words, 

temperature of MDF process has no sizeable effect on mor-

phology and wear behavior of these two aforementioned 

samples. It is related to this fact that grain size, hardness 

magnitude and strength of the deformed CP titanium after 

undergoing six passes at both room and 220 °C temperatures 

are close to each other. Eventually, UFG fabrication of tita-

nium leads to the improvement of the surface morphology 

at normal stress of 1 MPa, in which more homogeneous 

grooves and craters with less depth are achieved. Hence, 

the craters and grooves are limited to the tribological layer, 

and the wear process becomes more controllable. Similarly, 

Wang et al. [24] reported that by applying the HPT process 

Fig. 4  SEM images of worn surfaces during applied normal stress of 1 MPa for a initial condition, b six passes at 220 °C, c six passes at room 

temperature, d EDS analysis of points A-C in c 
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and formation of UFG structures in pure titanium, wear 

properties were improved due to formation of more uniform 

grooves, and accordingly UFG Ti showed lower wear rate 

compared to that of CG Ti.

Figure 5 shows results of SEM analysis of worn surface 

of the initial annealed sample and six-pass MDFed sam-

ples at room temperature and 220 °C temperatures, when 

the normal stress of 2 MPa was applied. In addition, EDS 

points analysis of selected regions is added to this figure. 

According to Fig. 5a, secondary electron image has clearly 

illustrated the roughness of the surface in which the deep 

craters and grooves are observed. Some of them are exhib-

ited by arrows. Severe delamination occurred in this sample 

can be an indication of weak wear resistance of the annealed 

CP titanium. Additionally, the tribological layer seems to 

be highly unstable; therefore, fragmentation and crushing 

of debris and their smearing with the layer are subsequently 

occurred. Unsteadiness of the tribological layer can be 

caused by the increment of the normal pressure beyond the 

critical value (a little higher than 2 MPa) and the lower shear 

Fig. 5  SEM images of worn surface during applied normal stress of 2 MPa for a initial condition, b six passes at 220 °C, c six passes at room 

temperature, EDS analysis of points A and B in d, c, e 
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strength of the annealed titanium. These lead to the tem-

perature rise and easy flow of the subsurface. The particles 

smeared with the surface can be possibly inhibited due to 

the unstable surface layer and the friction of surfaces; con-

sequently, wear resistance of the annealed sample is reduced 

by initiation of the severe wear regime [23, 28].

The secondary electron image of Fig. 5b shows a wide 

and delaminated shape fragmentation. This is due to the high 

magnitude of the applied normal stress which leads to the 

flow of subsurface and more unsteadiness of the tribologi-

cal layer compared to the low force magnitude. It should be 

mentioned that the wear of six passes at 220 °C CP titanium 

is still restricted to the tribological layer, because the chemi-

cal analysis of the specified points shows that although the 

oxygen is reduced, the tribological layer still exists in metal 

surface. By considering the rectangular box of Fig. 5c, it 

is found that there are some glossy regions which are an 

indication of adhesive wear. It is clear that the tribological 

layer is removed from these regions, and the weight percent 

of elements in Fig. 5e confirms this event. According to this 

figure, it can be noted that the oxygen amount of point B 

is lower than 5%, while there is about 95% titanium. By 

regarding that the chemical analysis of this region is rela-

tively metallic, it can be concluded that the fragmentation 

has been occurred from the titanium pin. Consequently, the 

tribological layer is unsteady through applying normal stress 

of 2 MPa; therefore, more wear rate is obtained for the UFG 

CP titanium as compared to the annealed condition. Further-

more, the wear rate of six-pass CP titanium at RT is more 

than the corresponding sample at 220 °C, as a result of slight 

adhesive wear in Fig. 5c. This matter is in good agreement 

with the achieved results of Fig. 2c.

Figure 6 shows SEM images of worn particles at the ini-

tial annealed condition and after six MDF passes at room 

temperature and 220 °C, when the normal stress of 2 MPa 

was applied. In addition, EDS point analysis of selected 

regions is added to this figure. As shown in Fig. 6a, the 

particles in annealed sample are coarse with the delaminated 

shape which is an indication of severe delamination mecha-

nism. It is in suitable coincidence with relatively deep and 

long shape craters on the worn surface of Fig. 5a. According 

to chemical analysis of specified points in Fig. 6d, weight 

percent of region A indicates that the oxygen amount is 

highly reduced and the weight percent of iron and titanium 

is increased that might be due to the sticking of iron to the 

titanium. Also, the weight percent of region C in which the 

oxygen value is decreased, and the titanium magnitude is 

higher than 93%, represents that a part of these particles is 

fragmented from the titanium itself. This relates to the lower 

shear strength of the annealed sample, and presumably, it 

may cause sticking the steel disk to the titanium, and the 

occurrence of slight adhesive wear. In fact, the nature of 

particle is almost metallic in this region.

The planar shape of particles at the worn surface of six-

pass MDFed sample at the temperature of 220 °C is clearly 

similar to the craters of the worn surface in Fig. 5b, indicat-

ing a delamination wear mechanism [28]. Additionally, the 

existence of aligned grooves in Fig. 6b is associated with 

the abrasive wear mechanism of the tribological layer. As 

can be observed for the UFG structure of titanium during 

the normal stress of 2 MPa, the abrasive particles of Fig. 6b, 

c are larger than the particles in Fig. 6a for the annealed 

condition [32]. This result is in acceptable agreement with 

the reduction in wear resistance of six-pass MDFed sample 

in comparison with the annealed sample (Fig. 2c). Accord-

ing to Fig. 6c, it is obvious that particles are very coarse, 

porous and weak. In other words, the compaction of sam-

ple’s particles is lost with increasing applied normal stress. 

This leads to the stability reduction of the tribological layer 

which is separated so fast. The weight percent of region A 

shows that the oxygen amount is dramatically decreased, and 

the particles are relatively metallic. So, the coarse particles 

with the metallic nature can be an indication of severe wear 

regime. Additionally, the occurrence of slight adhesive wear 

mechanism at the worn surface of Fig. 5c is confirmed by the 

obtained chemical analysis, discussed before.

Finally, SEM images of worn particles during the applied 

normal load of 20 N for the annealed condition and six-pass 

MDFed sample at both room temperature and 220 °C are 

shown in Fig. 7. The particles of this figure are in planar 

shape, since the delamination mechanism is taken place at 

the worn surface of the corresponding samples in Fig. 4. 

Moreover, it is clear that the particle size of Fig. 6 is coarser 

than the counterpart in Fig. 7. As expected, the size of parti-

cles is enlarged by increasing the applied normal stress from 

1 to 2 MPa. It is also found that the annealed sample has 

somewhat bigger particles than the UFG one at the normal 

stress of 1 MPa which is in accordance with the deeper cra-

ters in worn surface of the annealed titanium. These results 

are in suitable agreement with the wear resistance improve-

ment of produced UFG CP titanium compared to the initial 

one (Fig. 2a).

4  Conclusions

(1) Microstructure analysis showed that coarse grained 

structure of CP titanium is transformed to ultrafine 

grained one by applying six passes of MDF process at 

both room temperature and 220 °C. Accordingly, the 

average grain size is changed from 43 μm to 390 nm 

and 430 nm for room temperature and 220 °C, respec-

tively. Furthermore, this process leads to the consid-

erable enhancement of mechanical properties of CP 

titanium, including the hardness, shear and tensile 

strengths.
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(2) Analysis of tribological behavior showed that the aver-

age wear rate of six-pass deformed samples decreases 

about 40% and 9% during applied normal stresses of 1 

and 2 MPa, respectively, as compared to the annealed 

sample. Also, the average wear rate of one-pass MDFed 

samples at room temperature and 220 °C is about 30% 

and 24% lower than that of annealed titanium sample, 

respectively, in all applied normal stresses (1, 1.5, 

2 MPa). Totally, it can be stated that UFG CP titanium 

produced by six passes of MDF process is suitable for 

tribological applications at lower normal stresses; while 

at higher applied normal stresses, one-pass MDFed CP 

titanium is more appropriate.

(3) MDF processing temperature had no considerable 

effect on the microstructure and mechanical proper-

ties of six-pass MDFed samples. Therefore, no signifi-

cant difference was observed in wear resistance and 

its mechanisms for six-pass MDFed samples at both 

room temperature and 220 °C. However, the sample 

processed by one MDF pass at room temperature exhib-

ited slightly better wear resistance (about 6%) for all 

applied normal stresses, when compared to its 220 °C 

counterpart.

(4) The dynamic friction coefficient of titanium at both CG 

and UFG structures is in the range of 0.49–0.62. In 

other words, grain refinement and increment of applied 

Fig. 6  SEM images of abrasive particles during applied normal stress of 2 MPa for a initial condition, b six passes at 220 °C, c six passes at 

room temperature, EDS analysis of d points A–C in a, e points A and B in c 
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normal stress have not significant effect on the friction 

coefficient magnitude.

(5) Evolution of surface morphology and wear particles 

produced during the applied stress of 1 MPa showed 

that wear mechanism is transformed from severe 

delamination, intense abrasive and poor adhesive 

mechanisms for the annealed condition to delamina-

tion and slight abrasive mechanism for the case of UFG 

sample (limited to the tribological layer). On the other 

hand, wear mechanism of the annealed and UFG sam-

ples is relatively similar to each other if 2 MPa stress is 

applied. It means that they experience severe delamina-

tion, abrasive and poor adhesive mechanisms.
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