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ABSTRACT  

Aluminum, as a base metal in metal matrix composites (MMCs), has favor over other traditional 

materials in the scopes of aviation, space, automotive and marine applications because of their 

improved properties such as specific strength, good corrosion resistance. Wear behavior, as a major 

inferiority for Al6061, was tried to be improved by adding Titanium Dioxide (TiO2) particles 

constituting a wear resistant composite that complies with tribological uses such as brakes. Composites 

reinforced with weight percentages 1:5 wt% of TiO2 with step of 1% were prepared using stir casting 

technique. The addition of the TiO2 deeply affected the wear performance of Al6061 alloy where the 

more the percentage of the reinforcement was added, the more the coefficient of friction was elevated 

where reinforced composite with 5 wt% of reinforcement particles showed highest coefficient of 

friction. In the other hand, the reinforced composite with 5 wt% TiO2 had the biggest wear even, in 

some cases, more than the unreinforced alloy, while 2 wt% TiO2-composite showed the lowest wear 

over friction process.  
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1. INTRODUCTION 

The usage of aluminum based composite is 

escalating daily in the entire manufacturing 

areas due to their attractive properties such as 

high specific strength, good mechanical 

properties and better durability [1]. There is an 

immense demand for advanced engineering 

materials with high strength, light weight, and 

increased wear resistance in aviation, civil, and 

automobile applications specially sliding parts. 

This leads to the development of aluminum 

matrix composites (AMCs) [2, 3]. 

Al6061, as one of 6xxx alloys, is higher in 

corrosion resistance if compared with alloys 

from 2xxx & 7xxx series alloys. This advantage 

paves the road to its widespread use in marine 

and aerospace applications [4]. Other good 

characteristics of Al6061 are heat treatability 

and good formability which enable from its in 

structural applications [5]. the most inferiority 
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related to this alloy is its wear characteristics 

that have lower values in comparison with 

 another aluminum series like 7xxx series and 

limited their use in certain tribological 

applications [6] .  

So, researchers had directed their efforts to 

reach considerable developments on the level 

of the wear of Al6061 alloy by impeding hard 

phase such as ceramic particulates into Al6061 

constituting a composite. Here strong nature of 

the hard phase delivers to the aluminum alloy 

with retaining its soft characteristics such as 

ductility.  

Al6061 was reinforced with TiB2 particles 

using stir casting process showing 

improvement in the wear resistance 

characteristics in terms of co-efficient of 

friction of the composite specimen with the 

increase in the amount of TiB2 in the aluminum 

composite [7]. Also, the weight loss of the 

composite due to the wear test was detected 

that displayed increased loss in weight was 
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given with increase in the load applied in the 

pin-on-disc equipment.  

Reinforcing Al6061 with Al2O3 was achieved 

using stir casting technique that introduced a 

composite with improved wear characteristics 

than the base alloy where pin-on-disc test 

showed considerable improvement in wear rate 

with increase of the reinforcement particles, 

also the amount of weight loss was decreased  

with the increase of Al2O3 content [8]. 

Optimization of pin-on-disc parameters using 

Taguchi’s technique was applied to find the 

optimum conditions of dry sliding wear of Al 

6061/rock dust composite synthesized by stir 

casting [9]. The applied load had been found 

having the highest statistical influence on the 

wear rate of the composite with a percentage 

contribution of (47.61%) more than all other 

factors such as reinforcement size, weight 

fraction of reinforcement sliding, velocity and 

sliding distance. Confirmation experiment was 

carried out and a comparison was made 

between experimental values and computed 

values, showing an error associated with dry 

sliding wear of composites varying from 3.10% 

to 6.59%.  

Another attempt was achieved to improve wear 

behavior of Al6061 alloy by [10], this time by 

adding garnet particles using stir casting. 

Where a theoretical approach was developed 

beside the experimental work to detect the wear 

behavior whose results displayed improvement 

in wear resistance was related to the increasing 

of the reinforcement particles content. 

There are different types available of ceramic 

particles used in MMCs, TiO2 is one of them 

which is chemically inert [11], with superior 

corrosion resistance and high hardness and 

modulus [12]. Minerals as possible 

reinforcements have gradually arisen by 

counting the environmental considerations. 

Oxide phases widely get the fracture toughness 

of the materials better.  

TiO2 is available, has low cost and substantial 

resistance in wear, mechanical and thermal 

properties where [2] studied the wear behavior 

of hybrid composite reinforced with SiC & 

TiO2 where results showed clear effect of TiO2 

on the level of wear where it displayed increase 

in coefficient of friction and decrease in weight 

loss with increasing TiO2 for the same amount 

of SiC content. Another examination of TiO2 

addition on wear behavior of Al7068 composite 

was occurred by [13] who investigated the 

worn surfaces showing that the presence of 

TiO2 delivers extreme hardness to the 

composites  reducing material loss. 

Many methods are used to produce particulate 

metal matrix composite, stir casting is the most 

favorable one because of its cost effectiveness 

and simplicity leading to effective use in 

weight production [14, 15, 16].  Nano additives 

represent a frugal choice in mechanical and 

tribological applications [17, 18].    

Aim of this work is to study the effect of pin-

on-disc variables on Al6061-TiO2 composite 

synthesized by stir casting in terms of the dry 

sliding wear behavior. 

  

1. EXPERIEMENTAL WORK  

1.1. Materials 

Aluminum 6061 alloy was stir-cast with TiO2 

as reinforcement to fabricate Al6061/TiO2 

composites. The chemical composition of Al 

6061 alloy is shown in Table 1. that provided 

from Helwan Company for Non-Ferrous 

Industries (Factory 63), Cairo, Egypt. 

Table 1. Composition of Al6061 alloy (wt%) 

Element % 

Al 97.5813 

Si 0.71 

Fe 0.11 

Cu 0.22 

Mn 0.0087 

Mg 1.02 

Zn 0.12 

Cr 0.13 

Ti 0.1 

 

Some specifications of TiO2 are introduced in 

Table 2. While Fig. 1. presents Scanning 

Electron Microscope images of as-received 

TiO2 particulates showing their particle size 

using high resolution scanning electron 

microscope (model no. FEI Quanta FEG 250).  
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Fig. 3. Pin-On-Disc 

setup 

Fig. 2. Stir casting furnace 

Fig.  1. SEM micrographs of TiO2 

Table 2. TiO2 specifications 

 

Stir casting furnace, as shown in Fig. 2. was 

used to prepare reinforced Al6061 with TiO2 

where firstly, a pre-determined quantity of 

AA6061 alloy to be melt then a measured 

quantity of TiO2 particles weighed using digital 

electronic weighing device was kept in a 

preheating furnace and preheated up to 500 °C. 

The preheated TiO2 particles were added to the 

molten metal at 750 °C. The melt was 

subsequently stirred at 1000 rev/min for 10 

min. using a stainless-steel stirrer. Then, the 

molten metal was poured into the preheated 

steel mold and the required composite was 

obtained. The same procedure was repeated for 

all other compositions. The cast Al 6061/TiO2 

composites were machined to the required 

specimen size for conducting various tests. 

 

 

 

 

 

 

 

 

 

 

 

 

1.2. Microhardness and Wear test 

The hardness of the reinforced samples had 

been measured using Vickers micro hardness 

tester (INNOVATEST NEMESIS 5101 

Universal Hardness Tester) at room 

temperature state, on the polished surface. Each 

hardness value was the average of three 

randomly conducted indentations by applying 

load of 300 g for 15 s. 

Pin-on-disc device was used to evaluate the 

coefficient of friction and the wear of the 

reinforced samples. The results were the 

average of 3 repeated tests for each specimen. 

The tests were conducted under dry laboratory 

conditions. The pin-on-disc setup is shown in 

Fig. 3. 

 

 

 

3.97-4.05 Density (gm/cm3) 

  

276-288 

 

Elastic modulus (GPa) 

9.15-10.1 Hardness Vickers (GPa) 

8.4-11.8 CTE (10-6/°C) 
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Fig.  5 microhardness values of Al6061 

reinforced with TiO2 particle percentage 

Table 3. provides the applied values of the pin-

on-disc parameters used in testing. The disc 

material is stainless steel with high smooth 

surface.   

The composite samples were prepared as pins 

with regular dimensions of 8 mm in diameter & 

20 mm in height. The. surface roughness of the 

test pin specimen and the disc were maintained 

at 80 µm. The weight loss of the pin was 

evaluated using an electronic weighing balance 

with an accuracy of 0.001 g.  

Table 3. Values of pin-on-disc parameters 

Parameter Values 

Applied loads (N) 6, 12 & 18 

Sliding distance (m) 500, 1000, 1500, & 2000 

[2] 

Sliding velocity (m/s) 4.5, & 6.5 

                      

1.3. Microstructural examination 

Worn surfaces had been observed through 

microstructural examinations. Microstructural 

study was analyzed with an Olympus BX51 

light microscope. Images were recorded by a 

digital camera (Olympus DP 73) attached to the 

microscope using Cell Sense Imaging soft- 

ware (Olympus). 

Reinforced samples were prepared for 

microscopic examination through Polishing 

process to obtain mirror-like surface then 

passing it through an etchant consisting of 0.5 

ml HF in 100 ml water [19]. 

 

2. RESULTS AND DISCUSSIONS 

2.1. Density and porosity 

The density of the composites had been 

experimentally calculated by the Archimedean 

approach using small pieces cut from the 

composite samples [18, 19 & 20]. Additionally, 

the theoretical density was evaluated using the 

mixture rule based on the known densities of 

the matrix phase and TiO2 particulates that are 

2.7 and 4.05 g/cm
3
, respectively.  

The impact of the reinforcement percentage on 

the detected porosity of the composite samples 

is shown in Fig. 4. It resulted that the porosity 

amount percentage rises with increasing the 

weight content of reinforcement particles [21, 

22 & 23]. This is basically because of the effect 

of gas entrapped during stirring process [26]. 

 

 
Fig. 4. The variation of porosity with TiO2 

particle content 

 

2.2. Microhardness  

microhardness values of Al6061 and the 

reinforced composites with weight percentages 

of TiO2 is shown in Fig. 5. It was observed that 

the increase in reinforcement content increases 

the correspondent microhardness. The grain 

refinement and increased dislocations density 

due to the presence of reinforcing particles, 

alongside the basically hard nature of the TiO2 

particles are the direct reasons of improving the 

hardness outputs [27].  

The increasing porosity, accompanied to the 

increase in reinforcing particles, presented 

negative effect of microhardness values where 

it helps produce more deep indentations during 

testing but the positive effects of the uniform 

presence of TiO2 vanishes the porosity effect. 
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2.3. Investigation of microstructure 

Microstructure of as cast Al6061 and reinforced 

Al6061 are shown in Fig. 6 (A-F). The 

microstructure in the base alloy has primary α-

Al dendrites (red circles) and eutectic silicon 

(yellow circles) as islands surrounded by 

aluminum [8 & 23], that shown in Fig. 6 (A) of 

pure Al6061 without any addition. 

Grain structure was displayed with the presence 

of TiO2. Figure 6 (B & C) of composites 

reinforced with 1wt%, 2wt% respectively, 

where grain boundary clearly reveals in 

indication to uniform scatter of TiO2 particles 

over the composite that leads to refining grains 

[24, 25].  

 Minimum grain size was found with 2% 

addition. Some tiny porosities over the 

specimen were observed (pointed by yellow 

arrows). 

More big and clear porosities (indicated by 

yellow arrows & circle) over the matrix are 

revealed in Fig. 6 (D) of composite reinforced 

with 3wt% TiO2 [31]. Appearance of dendritic 

structures was observed (red arrow & circle). 

 

 

Fig. 6. The optical microphotographs of 

unreinforced and reinforced Al6061 alloy (A) 

0%, (B) 1% (C) 2%, (D) 3%, (E) 4%, and (F) 

5% TiO2 

 

Further, the micrographs expose smaller grain 

size of the reinforced composite more than the 

as-cast alloy with no particles where TiO2 

particles serve as heterogeneous sites for 

nucleation through solidification. 

The tendency of clustering and agglomeration 

of TiO2 has increased with increasing TiO2 

particulate content. This is clearly shown in 

Fig. 6 (E & F) of 4%, & 5% TiO2, respectively, 

where clearly big porosities are shown 

(indicated by yellow arrows & circles). Further, 

increasing the fraction of reinforcement 

resulted in increase of porosity as pre-

introduced in Fig. 4. 

 

2.4. Investigation of coefficient of 

friction 

The impact of sliding distance and applied load 

on the coefficient of friction of unreinforced 

Al6061 alloy and reinforced composites with 

TiO2 weight percentage for a sliding velocity of 

4.5 m/s are outlined in Fig.7 (A-D). Where 

coefficient of friction versus sliding distance 

were introduced in Fig. 4 (A-C) with different 

applied loads 6, 12, & 18 N, respectively.  

All graphs in Fig. 7. (A-C) showed increasing 

trend in coefficient of frictions with increase in 

reinforcement content. That is owing to 

elevated plastic strain grown when adhered 

reinforcing particles representing additional 

abrasives during sliding process, alongside with 

that the fraction of TiO2 in the matrix increases, 

density of dislocation through the composites 

increases, which opposes plastic deformation 

developed from sliding process [2].  

Nonregular shape of the reinforcing particles, 

as shown in Fig. 1. produces additional 

resistance for sliding. 

As shown in Fig. 7. (A), for sliding distance 

500 m, it is observed that values of coefficients 

increase with increase in reinforcement 

percentage added to the composite. that 

observation was recorded for all conditions 

over graphs (A-C) in Fig. 7. 

 for lower sliding distances, 500 & 1000 m, 

reinforced composites with 5 wt% TiO2 

presents the highest coefficient of friction for 

all applied loads. That is justified where the 

hard nature of reinforcement impeded through 

the matrix alloy delivers some reluctance to 

motion during the friction process leading to 

increase in coefficient of friction.  

While, at longer sliding distances (1500 & 2000 

m), some disparity is introduced where 

reinforced composite with 4 wt% TiO2 
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occupies the most resistant composite in terms 

of coefficient of friction for applied loads 6 

(Fig. 7. (A)) & 12 N (Fig. 7. (B)), while at 

loading with 18 N (Fig. 7. (C)), reinforced 

composite with 3 wt% TiO2 presents the 

highest outcomes of coefficient of friction.   

Graphs (A-C) of Fig. 7. Also showed that, for 

all alloy specimens – reinforced & unreinforced 

–with increase in sliding distance, there is a 

correspondent increase in coefficient of 

friction, where for an example, reinforced 

composite with 1% TiO2 in Fig. 7. (A) presents 

increasing path of its values of coefficient of 

friction with increasing the sliding distance. 

That trend was repeated for all reinforced 

composites excepting reinforced alloys with 

4%, & 5% TiO2, that takes decreasing trend 

with increasing sliding distances, especially, at 

longer sliding distances such as 1500 & 2000 

m.  

Well distribution of reinforcement and low 

amount of porosity are the potential 

explanations for the reinforced composites with 

up to 3% of TiO2 that they give increasing path 

of coefficient of friction values with increasing 

in sliding distances. 

For reinforced alloys with 4%, & 5% TiO2 that 

had a decreasing path of coefficient of friction 

values with increasing the sliding distances, 

that can be interpreted by the presence of 

porosity voids over the composite and 

agglomerated particles that contains voids. 

Figure 7. (D) shows the variation of coefficient 

of friction respecting to the applied load for all 

reinforcement percentages and the unreinforced 

alloys at the maximum sliding distance 

(2000m). The coefficient of friction presents 

increasing path with increasing the applied load 

where highest coefficient of friction was 

recorded at loading with 18 N. 

 
Fig. 7. Coefficient of friction over different 

sliding distances (A, B, & C) & different loads 

(D) at 4.5 m/s of unreinforced Al6061 & 

reinforced composites 

 

 

Figure 8. (A-D) shows the effect of load and 

sliding distance on the coefficient of friction of 

unreinforced Al6061 alloy and reinforced 

composites with TiO2 weight percentages but 

for a sliding velocity of 6.5 (m/s).  
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Similar trends as of sliding velocity 4.5 (m/s) of 

Fig. 7.  are presented in Fig. 8. Of sliding 

velocity 6.5 (m/s) such as increasing path in 

coefficient of friction values with increasing the 

reinforcement percentages in the composites.  

Where reinforced composite with 5 wt% of 

TiO2, again, presents the highest coefficient of 

friction especially at lower sliding distances 

such as 500 & 1000 m for all values of applied 

loads (Fig. 8. (A-C)).   

Reinforced composite with 4 wt% of TiO2, in 

some cases at higher sliding distances (1500 & 

2000 m) presents the highest coefficient at 

loading with 6 & 12 N, (Fig. 8. (A-B)). while 

Reinforced composite with 3 wt% of TiO2 

introduces the highest resistance to wear at the 

applied load 18 N, (Fig. 8. (C)). 

Reinforced alloys with 4%, & 5% TiO2, again 

adopt decreasing path in their outputted 

coefficient values with increasing sliding 

distances, especially, at longer sliding distances 

such as 1500 & 2000 m for all loading 

conditions (Fig. 8. (A-C)). As shown in Fig. 8. 

(A) where reinforced composite with 5% TiO2 

provides decreasing route of its values of 

coefficient of friction with increasing the 

sliding distance. That result was reiterated for 

all samples over graphs (A-C) in Fig. 8. 

Another result was shown by Fig. 8. (A-D) 

when compared with Fig. 7. that with higher 

sliding velocity, values of coefficient of friction 

were shown bit to small higher values than with 

slower velocities. Where the levels of 

coefficient values at the higher sliding (6.5 m/s) 

velocities came higher than those obtained at 

the lower sliding speed (4.5 m/s). sliding 

velocity as a parameter of testing still 

marginally effects the wear outcomes in 

comparison with applied load or sliding 

distances.  

Figures 7. (D) and 8. (D) again assert that the  

great effect of applied load on the coefficient of 

friction values where the increase in the load 

applied presents increase in the values of 

friction coefficient [33].  

 
Fig. 8. Coefficient of friction over different 

sliding distances (A, B, & C) & different loads 

(D) at 6.5 m/s of unreinforced Al6061 & 

reinforced composites  

2.5. Investigation of weight loss 

The effect of load and sliding distance on the 

weight loss of unreinforced Al6061 alloy and 

reinforced composites with TiO2 weight 

percentage for a sliding velocity of 4.5 (m/s) is 

plotted in Fig. 9. (A-D) Weight loss against 

sliding distance is introduced in Fig. 9. (A-C) 
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with various applied loads 6, 12, & 18 N, 

respectively. 

Unreinforced composite presented higher loss 

in its weight over the friction process for all 

conditions of sliding distances and applied 

load, it may be clarified over the weak 

tribological nature of AA6061 which restricted 

its application for tribological uses [7]. 

Results showed that adding TiO2 particles 

reduces weight loss of reinforced composites 

over fiction process, especially with weight 

percentages of reinforcement particles up to 2 

wt% TiO2, where higher percentages of 

reinforcement lead to increasing path of weight 

loss. Reinforced composites with 1 & 2 wt% of 

TiO2 showed a clear enhancement in wear 

resistance of the AA6061, (Fig. 9. (A-C)) 

where values of weight loss dropped with the 

presence of reinforcement particles for all 

testing conditions. Reinforced composite with 2 

wt% of TiO2 had shown lowest recorded weight 

loss over the other composites. Uniformity of 

particle distribution and limited clustering of 

reinforcement particles, as shown in Fig. 6. (C), 

basically contributed to minimizing weight 

loss. As shown in Fig. 9. (B) with sliding 

distance 1000 m where weight loss takes 

decreasing route with adding TiO2 till 2% then 

the value of the weight loss takes increasing 

path till 5% of reinforcement particles. That 

outcome was reiterated for all composites over 

graphs (A-C) in Fig. 9.   

While reinforced composites with higher 

percentages, especially 4 & 5 wt%, presents 

higher loss in weight even than the 

unreinforced sample, in some cases, especially 

at longer sliding distances such as 1500 and 

2000 m, that can be explained by the presence 

of agglomerated particles (Fig. 6. (E-F)) and 

porosity (Fig. 4.) that ease separation of 

material with friction. 

All graphs show that weight loss increases with 

increase in sliding distance for all unreinforced 

and reinforced alloys where more distance 

means more time to friction that leads to more 

amount of loss in weight. That is observed at 

Fig. 9. (C) for reinforced composite with 2 wt% 

TiO2 that presents increasing values of 

coefficient of friction with increasing in sliding 

distances of friction. That output was repeated 

for all samples over graphs (A-C) in Fig. 9.   

Figure 9. (D) shows the variation of weight loss 

respecting to the applied load for all 

reinforcement percentages and the unreinforced 

alloys at the maximum sliding distance 

(2000m), where it was shown that increasing in 

applied load resulted in more wear rate [3, 32], 

asserting the large effect of load on the amount 

of weight loss. 

 

Fig. 9. Weight loss over different sliding 

distances (A, B, & C) & different loads (D) at 

4.5 m/s of unreinforced Al6061 & reinforced 

composites 
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Figure 10. (A-D) shows the effect of sliding 

distance and load on the weight loss of 

unreinforced Al6061 alloy and reinforced 

composites with TiO2 weight percentage for a 

sliding velocity of 6.5 (m/s). 

some similar outcomes, like obtained in testing 

with 4.5 (m/s), were presented here with sliding 

speed 6.5 (m/s).  

At the same conditions of sliding distance and 

the applied load in Fig. 10. It is always the pure 

alloy without reinforcement presents the 

highest amount of weight loss. But with some 

cases, Reinforced composite with 5 wt% of 

TiO2, that have the largest amount of porosity, 

sometimes presented highest recorded value of 

weight loss especially at loading with 6 N as in 

Fig. 10. (A) and Fig. 10. (D). 

The sliding speed affects the weight of the loss 

produced over the friction process where 

increase in sliding speed provides increase in 

weight loss amount. Sliding speed (6.5 m/s) 

gives clear effect on weight loss larger than that 

introduced by sliding speed (4.5 m/s), that is 

clear when comparing between outputs of 

figures 9 (A-D) & 10 (A-D), where the levels 

of weight losses obtained at the higher speed is 

higher than those of lower speed.  

Increasing the applied load over the graphs of 

Fig. 10. (A-C) clearly contributes to increasing 

the resulted loss in weight.   

Figure 10 (D) shows the variation of weight 

loss respecting to the applied load for all 

reinforcement percentages and the unreinforced 

alloys at the maximum sliding distance 

(2000m). The weight loss presents increasing 

route with increasing the applied load where 

maximum weight loss was recorded at load of 

18 N. 

Comparing between the figures 9. (D) and 10. 

(D) affirms that the value of the applied load 

has the vastest effect on weight loss values than 

sliding distance and sliding speed where the 

quantity of increase in weight loss with 

increase in of applied load is greater than with 

the increase of sliding distance.   

 

 

 

 

Fig. 10. Weight loss over different sliding 

distances (A, B, & C) & different loads (D) at 

6.5 m/s of unreinforced Al6061 & reinforced 

composites 
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2.6. Investigation of worn surfaces 

The worn surfaces of wear specimens are 

presented in Fig. 11. in two-dimensional and 

shadow three-dimensional views. Figure 11. 

(A) shows worn surface of unreinforced alloy 

that introduce clear apices (red points) 

spreading through the surface and some deep 

groves indicating low resistance to wear. 

Figure 11. (B & C) of composites reinforced 

with 1% & 2% of TiO2, respectively, introduce 

rather smooth worn surfaces with some minor 

cavities through the worn surfaces. The colored 

images of worn surfaces give lack of disparity 

in colors that means more resistant composite 

to wear.  These smooth worn surfaces are 

because of the good distribution of the 

reinforcement over the matrix. 

Figure 11. (D-F) of composites reinforced with 

3%, 4%, & 5% of TiO2, respectively, show 

some apices to appear again over the worn 

surfaces with larger cavities that can be 

explained upon the agglomeration of particles 

that leads to more porosities and easy 

separation of material during friction process. 

 

(A) 

(B) 

 

                                   (C) 

(D) 

 

(E) 

                                   (F) 

 

Fig. 11. Two-dimensional and Three-

dimensional in shadow view images of a wear 

track of Al6061 alloy with (A) 0%, (B) 1% (C) 

2%, (D) 3%, (E) 4%, and (F) 5% of TiO2 at the 

testing conditions (18 N, 2000 m, & 6.5 m/s) 

3. Conclusions 

The dry sliding behavior of metal matrix 

composite (Al6061+TiO2 particles) led to the 

following conclusions: 

1. Optical micrographs exhibited uniform 

distribution of TiO2 particles at 1 & 2 % 

wt% and clear clustering at 3, 4 & 5 wt% 

of reinforcement. 

2. Porosity amount increases with 

increasing the reinforcement percentage. 

3. The highest coefficient of friction was 

presented with 5 wt%-reinforced sample. 

4. Reinforced composite with 2 wt% of 

reinforcement showed lowest Wear over 

friction test. 
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