
1. Introduction 
          
Ceramics, basically comprising various kinds of non
-metallic and inorganic materials have been found 
[1] to exist in the crystalline, amorphous, or glassy 
states. These ceramics include naturally occurring 
clays (kaolin) which is mainly alumino-silicates 
(Al 2O3.2SiO2.2H2O) and vary concentrations of car-
bides, nitrides, and oxides. 
 The ceramics are inherently brittle in nature 
and are always associated with a finite risk of frac-
ture. There are limitations on the size of the ceramic 
components that can be made. Large size ceramic 
components (especially liners) have to be thin and 
may have higher risk of fracture. For hip implants, 
the current standards of "hard-on-hard" bearings are 
ceramic-on-ceramic and metal-on-metal. The metal-
on-metal components have only insignificant frac-
ture risk and so larger size components can be made. 
The current standard material of metal-on-metal im-
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Keywords: Model, Assessment, Evaporated Water, Clay, Ceramic Metal Composite, Knee and Spinal Im-
plants.  

plants is high carbon Co--Cr (cobalt-chromium) al-
loy. The major concern with the metal-on-metal   
implant is the metal ion release from the joint       
and its unknown effects on the physiology              
of the human body. The advantage of metal-on-
metal implants is that they can be used in larger 
sizes and this larger size of the implant allows 
greater range of motion. The metal-on-metal im-
plants have also been shown to be useful for resur-
facing types of applications where conservation of 
bone is desired. In such larger joints, conventional 
polyethylene or cross-linked polyethylene are not 
preferred as a counter-bearing surface and metal-on-
metal is typically the only other alternative. This is 
due to the fact that the larger size requires a polyeth-
ylene liner to be thinner. A thinner liner may have 
less mechanical strength, may have increased creep, 
and may lead to increased wear and osteolysis and 
eventually to the failure of the implant [2].  
 The other commonly used hard-on-hard im-
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plant material is ceramic-on-ceramic. The current 
standard material of ceramic-on-ceramic implants is 
alumina. Metal ion release is typically not a concern 
for these implants. But due to limited toughness and 
the brittle nature of ceramics, it is difficult to make 
these implants in larger sizes. The ceramic compo-
nents have finite probability of fracture thus leading 
to a potential joint failure and complications associ-
ated with the fracture of a joint [2].  
 There is growing need to reduce the metal 
ion release and minimize the fracture risk by com-
bining metal and ceramic components. One of the 
prior art approaches to reduce the risk of metal ion 
release is to use surface hardening of the head or 
liner or both using diffusion or plasma processes to 
incorporate nitrogen and/or carbon on the surface of 
the alloy. Another approach is to coat the metallic 
surface with ceramic coatings of nitrides (titanium 
nitride, chromium nitride, etc.), oxides (aluminum 
oxide, zirconium oxide, zirconium-alumina oxide, 
etc.) or diamond like carbon or diamond coatings. 
Alternative approach is to use a metal head on a ce-
ramic liner or vice versa. In this approach, fracture 
risk is reduced along with the metal ion release. Fur-
thermore, another approach that has been used is the 
reduction of the diametrical clearance between the 
articulating components thereby forming a thick lu-
bricating film which assists in the reduction of wear 
[2].  
 The use of a metal-on-ceramic articulation 
has been considered. These studies [3, 4] reported 
that the difference in hardness between the           
metal l ic component and the ceramic                   
component should be at least 4000 MPa. It           
was also reported [4] the usefulness of silicon nitride 
ceramic components for articulation against the me-
tallic component. In both instances [3, 4], the objec-
tive is to lower the wear of mating couples, but the 
fracture risk of ceramic is still significant.  
 Research [5] has disclosed ice skating blades 
made from a metal matrix composite. The ice skat-
ing blade has a titanium core and a metal composite 
material cladding. The metal composite material 
may be comprised of titanium or zirconium. Similar 
study [6] has disclosed an orthopedic device, such as 
a spinal implant, formed of a metal matrix compos-
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ite. The metal matrix composite includes a biocom-
patible metal alloy and a reinforcing component, 
such as a hard or refractory material. 
 There is ample need for improved articula-
tion joints that reduce the risk of metal ion            
release and the risk of monolithic ceramic fracture as 
well as need for improved articulating joints  
wherein one or both of the articulating surfaces are 
comprised of a metal matrix composite [2].  
 One particular advantage of the present in-
vention is the reduction of the risks of fracture and 
metal ion release for orthopedic implants. The risks 
are reduced by using a graded ceramic metal com-
posite component with ceramic surface and graded 
surface below the ceramic surface. Although the 
product is particularly applicable to hip implants, it 
is also useful for orthopedic implants such as knee 
and spinal implants as well as other implants 
wherein hard-on-hard articulation is desired [2].   
 The present work is to derive a model for 
random assessment of the quantity of water evapo-
rated during processing of clay designated for pro-
duction of ceramic metal composite used for knee 
and spinal implants. 
 
2. Materials and Methods 
 
The raw material used was Olokoro clay mined from 
south-eastern part of Nigeria. The clay sample was 
crushed to particle size of 425µm and homogenized 
separately; mixing thoroughly with 10g bentonite 
(binder) and 6% water (of total weight) per 100g of 
clay. A mould of surface area 833mm2 was used to 
make a rectangular shape of the clay. The clay was 
prepared, moulded and dried in the oven at a tem-
perature range; 85-110 0C through a drying time of 
110 mins. The moulded clay was then dried in an 
electric oven to enhance loss of water through 
evaporation. Masses of the prepared clay samples 
were recorded (using Mettle weighing balance in 
Metallurgical and Materials Engineering laboratory 
of Federal University of Technology, Owerri, Nige-
ria.) before and after drying to ascertain the mass of 
water evaporated. 
 
 



2. 1 Model formulation 
Experimental data obtained from research work car-
ried out at SynchroWell Research Laboratory, 
Enugu were used for this work. Results of the ex-
periment used for the model formulation are as 
shown in Table 1.  

Computational analysis of the experimental data 
shown in Table 2, gave rise to Table 3 which indi-
cate that: 
             lnγ  =      (approximately)    (1)                                                   
      
            
            lnγ     =                                                             (2)                                       
                  
Introducing the values of β and N into equation (2) 
 
            lnγ    =            (3)                                                                                          
                                          
 
            lnγ    =                 (4) 
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             γ     =                                                    (5) 
                                                     
  
where 
       (β)  =  Area of evaporating surface (mm2) 
       (γ) = Mass of water evaporated during the drying 
process (g) 
        N  = 0.32(Collapsibility coefficient of binder-clay 
particle boundary at the drying temperature range; 85-
1100C) determined using C-NIKBRAN[7]. 
       (T)  =  Drying temperature (0C). 

 
3. Boundary and Initial Conditions 
 
Consider a rectangular shaped clay product of sur-
face area 833mm2, exposed to drying in the furnace 
while it was in wet condition. Initially, atmospheric 
levels of oxygen are assumed. Atmospheric pressure 
was assumed to be acting on the clay samples during 
the drying process (since the furnace is not air-tight). 
The grain size of clay particles used is 425µm, 
weight of clay and binder (bentonite) used (for each 
rectangular product); 100g and 10g respectively, 
quantity of water used for mixing; 2% (of total 
weight), range of drying temperature used; 85-
1100C, and drying time used; 110 minutes. 
 The boundary conditions are: atmospheric 
levels of oxygen at the top and bottom of the clay 
samples since they are dried under the atmospheric 
condition. No external force due to compression or 
tension was applied to the drying clays. The sides of 
the particles and the rectangular shaped clay prod-
ucts are taken to be symmetries. 
 
4. Model Validation 
 
The formulated model was validated by direct analy-
sis and comparison of the model-predicted γ values 

Table 1: Models for quantifying the evaporated water and the 
associated input/output process parameters 

Models for quantifying  
evaporated water 

Input/output process  
parameters affecting 
the drying process 

 γ  = exp [(lnt)1.0638 -2.9206]   [7] 
  α = e(lnt/2.1992)  [8] 
  γ = exp ((lnt/2.9206)1.4)  [9] 
  γ = e(1.0526lnt – 2.9206)   [10] 
 E=exp[0.3424(LogT)2.3529]  [11] 
E = Antilog 1.0204Log[833/T]  
[12] 
E = Exp[0.3424(LogT)2.439] [13] 

Drying time  t 
Drying time t 
Drying time t 
Drying time t 
Drying temperature  T 
Drying temperature   T 
 
Drying temperature   T 

Table 2: Variation of quantity of evaporated water with  
drying temperature 

 

            (T)                   (β)            (γ) 

           95 
           85 
           90 
          110 
           88 

                  833 
                  833 
                  833 
                  833 
                  833 

         7.86 
         6.94 
         7.70 
         8.30 
         7.42  

        (β/T)         (β/T)N           lnγ 
      8.7684 
      9.8000 
      9.2556 
      7.5727 
      9.4659 

      2.0032 
      2.0758 
      2.0382 
      1.9114 
      2.0529 

       2.0618 
       1.9373 
       2.0412 
       2.1163 
       2.0042 

Table 3: Variation of lnγ with (β/T)N  

      β  N 

        T 

      βN 

        TN 

    (833)0.32 

        T0.32 

     8.6021                   
           T0.32 

 Exp   8.6021           
                T0.32 



and those from the experiment for equality or near 
equality.  
 Analysis and comparison between these γ 
values reveal deviations of model-predicted γ from 
those of the experimental values. This is believed to 
be due to the fact that the surface properties of the 
clay and the physiochemical interactions between 
the clay and binder, which were found to have 
played vital role during the evaporation process were 
not considered during the model formulation. This 
necessitated the introduction of correction factor, to 
bring the model-predicted γ value to that of the cor-
responding experimental value 
 Deviation (Dv) (%) of model-predicted γ val-
ues from the experimental γ values is given by 
    
   Dv   =              x  100           (6) 
              
Correction factor (Cf) is the negative of the devia-
tion 
       i.e.    Cf  =  -Dv            (7) 
 
Therefore 
                 Cf  = -100               (8) 
                      
 
where 
      Pw =  Quantity of water evaporated as predicted by 
model  (g) 
      Ew =  Quantity of water evaporated as obtained from 
experiment (g) 
 
 Introduction of the value of Cf from equation (8) 
into the model gives exactly the corresponding ex-
perimental value of γ . 
 
5. Results  
 
The derived model is given as: 
  γ  = exp [(8.6021) / T0.32] in equation (5). 
 Computational analysis of experimental re-
sults in Table 2 gave rise to Table 3 where the values 
of both sides of the expression: lnγ = (β /T)N are cor-
respondingly approximately equal to 2. The model-
predicted results indicate that the maximum devia-
tion of the model-predicted mass of evaporated wa-
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ter from the corresponding experimental value is less 
than 19%. 

 
6. Discussion 
 
It was found that the validity of the model is rooted 
in the expression lnγ = (β/T)N where both sides of 
the expression are correspondingly approximately 
equal to 2. Table 3 also agrees with equation (1) fol-
lowing the values of lnγ and (β/T)N evaluated from 
Table 2 as a result of corresponding computational 
analysis. 
 Comparison of Table 4 shows very close val-
ues of the model-predicted masses of evaporated wa-
ter (γM) and that from the corresponding experimen-
tal values (γexp). It is strongly believed that the close-
ness of these values is indicative of the proximate 
agreement between both experimental and model-
predicted quantities of the evaporated water. 
 Critical analysis and comparison of the val-
ues of γ in Table 4, obtained from the experiment 
and derived model shows that the maximum devia-
tion of the model-predicted quantity of removed wa-
ter (from those of the experiment) is less than 19% 

Table 4: Comparison between masses of evaporated water 
during processing of clay; as obtained from experiment  

and derived model  
 

         γexp            γM 
         7.86 
         6.94 
         7.70 
         8.30 
         7.42 
 

      7.4130 
      7.9711 
      7.6768 
      6.7628 
      7.7905 

  Pw - Ew 

       Ew 

  Pw - Ew 

       Ew 

Table 5: Variation of the deviation of model-predicted 
quantity of evaporated water  (from corresponding experi-
ment values) with its associated correction factor 
        Dv (%)       Cf (%) 

       -5.69 
      +14.86 
       -0.30 
      -18.52 
      +4.99 

     +5.69 
     -14.86 
      +0.30 
     +18.52 
      -4.99 



(Table 5) which is quite within the acceptable devia-
tion limit of experimental results. Table 5 shows that 
the deviation (of the model-predicted quantity of 
evaporated water) from the actual experimental val-
ues depicts highest and least values at +14.86 and -
0.3% respectively. Table 5 shows that these devia-
tion values correspond to model-predicted quantity 
of removed water: 7.9711 and 7.6768 g respectively. 
Comparison of Tables 2, 4 and 5 shows that these 
marked deviation values in association with the re-
spective quantities of water removed also corre-
sponds to drying temperatures: 85 and 90 0C respec-
tively. 
 Correction factor to the model-predicted 
quantity of water removed as shown in Table 5 gives 
highest and least values; -14.86 and +0.3% respec-
tively (negative) to the corresponding deviation val-
ues. This is because correction factor is the negative 
of the deviation as shown in equations (7) and (8). It 
is believed that the correction factor takes care of the 
effects of the surface properties of the clay and the 
physiochemical interaction between the clay and the 
binder which (affected experimental results) were 
not considered during the model formulation. Tables 
2, 4 and 5 show that these correction factors corre-
spond to model-predicted quantity of removed wa-
ter: 7.9711 and 7.6768 g and drying temperatures: 
85 and 900C respectively. 
 
6. Conclusion 
 
The model assesses randomly the quantity of water 
evaporated during processing of clay (mined from 
Olokoro (Nigeria)) at a temperature range; 85-
1100C, being designated for production of ceramic 
metal composite used for knee and spinal implants. 
The quantity of evaporated water was found to be 
directly proportional to the exponential of the recip-
rocal of the drying temperatures. It was found that 
the validity of the model is rooted in the expression 
lnγ = (β/T)N where both sides of the expression are 
correspondingly approximately equal to 2. The 
maximum deviation of the model-predicted quantity 
of evaporated water from the corresponding experi-
mental value is less than 19% which is quite within 
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the acceptable deviation range of experimental re-
sults. 
 Further works should incorporate more proc-
ess parameters into the model with the aim of reduc-
ing the deviations of the model-predicted γ values 
from those of the experimental. 
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