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in which the voids have zero hardness:  

   
5 2c AlFe 5 2 Al Fe%AlFe %Al FeH H H       (3) 

  AlFe 5.28 6,714H T              (4) 

  
5 2Al Fe 7.14 12,401H T             (5) 

where 
c

H  is the hardness of coating (MPa); 
AlFe

H  is 

the hardness of intermetallic FeAl (MPa); 
5 2Al FeH  is 

the hardness of intermetallic Fe2Al5 (MPa); %AlFe  is 

the percentage of intermetallic FeAl (1/100%); and 

5 2
%Al Fe  is the percentage of intermetallic Fe2Al5 

(1/100%). 

The hardening behavior of the coating material is 

unknown. Therefore, the coating material is modeled 

as ideally plastic with a yield stress of 1/2.8 times the 

hardness [37]. The coating material parameters are 

listed in Table 2. 

Table 2 Coating material parameters. 

 %voids %AlFe %Al5Fe2 

PHS 5 36 59 

3.2 Asperity deformation 

Asperity deformation is caused by normal loading 

(Section 3.2.1), sliding (Section 3.2.2), and bulk 

deformation (Section 3.2.3). 

3.2.1 Normal loading 

The tool is modeled as rigid and perfectly flat when 

it flattens the asperities of a soft rough workpiece 

material. The workpiece asperities (substrate and 

coating) were modeled as bars. The bars in contact 

with the tool are indented, and the non-contacting 

bars rise, as shown in Fig. 9. The amount of flattening  

and rise of asperities due to normal loading (thus, 

the real contact area) can be calculated by solving 

the energy, momentum, and volume conservation 

equations [24]. The force balance, volume, and energy 

conservation equations are written in a stochastic 

form using the normalized height distributions for 

the coating and substrate [24]. The indentation, rise 

of bars, and fractional real contact area are calculated 

by solving the equations for a certain normal pressure 

using the Newton–Raphson method. More detailed 

information on the model can be found in Refs. [9, 33]. 

Determining the substrate topography after heating 

is not possible because of the diffusion process in  

the furnace. Therefore, the same surface topography 

as the coating was used for the substrate, effectively 

assuming a constant coating thickness.  

 
Fig. 9 Schematic of normal loading model. 

 
Fig. 8 (a) Stress–strain curves for substrate material model at different temperatures (   = 0.01) and (b) yield strength versus coating 
temperature. 
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The real contact area due to the normal loading 

calculated by the model is within the range of real 

contact areas determined from normal loading 

experiments at average contact pressures of 10 and  

20 MPa (Fig. 10). Compared with the flattening tests, 

the model predicts lower real contact areas at a low 

contact pressure (5 MPa) and high temperature values 

(700 and 800 °C). This may be the result of the 

inaccuracy in determining the lower and upper 

bounds from the height distribution curves, leading 

to calculation errors in the experimental real contact 

area at low pressure values. 

The smooth hard tool and relatively soft rough 

sheet coating are initially in contact. However, worn 

materials, consisting of oxides, coating intermetallics, 

and tool debris, accumulate on the tool. Tool wear 

has two implications for the main assumptions of the 

normal loading model. First, the disparity in roughness 

between the tool and sheet is considerably reduced, 

and the assumption that the tool is flat at the mesoscale 

level may not hold. This can be rectified by considering 

the tool roughness in the normal contact model; an 

overview of such models is given by Ref. [38]. Second, 

the new hardness (including wear) of the tool is 

unknown. To investigate this, normal loading tests 

were performed at 700 °C using tools with adhesive 

(i.e., severe) wear. The results revealed that the tool 

wear the did not significantly deform after loading; 

therefore, the tool wear did not affect the prediction 

of the real contact area in normal loading models. 

The material that has adhered on the tool are possibly 

harder than the coating, although some fractures are 

observed at the sharp edges. Overall, these factors 

may result in a less accurate prediction of the actual  

contact area. Despite these problems, the normal 

loading model accurately predicts the real contact 

area.  

3.2.2 Sliding 

The increase in the real contact area during sliding 

is calculated by considering two mechanisms [9]. In 

the normal loading model, a flat tool is assumed, and   

a force equilibrium between the applied load and 

calculated real contact area exists. However, during 

sliding, the rough tool asperities plow through the 

softer workpiece asperities. This means that only the 

front area (half) of the penetrating tool asperities are in 

contact. Accordingly, the real contact area is multiplied 

by two to satisfy the force equilibrium. The second 

mechanism is the so-called junction growth phenomenon 

[11]. Tabor [11] stated that the tangential load during 

sliding has to result in an increase in the real contact 

area to maintain a constant von Mises stress at the 

contact points that have yielded. To consider this 

mechanism, the Tabor equation is incorporated into 

the model:  

  21v k                 (6) 

where v  is the increase in fractional real contact area 

and k is the constant shear factor. 

The value of k can either be determined experi-

mentally [27–29] or used as a fitting parameter [9]. The 

k value was intended as a fitting parameter to match 

the calculated real contact areas to the measured real 

contact areas from the HFT experiments. However, 

the experimentally determined real contact areas 

were not correct because of the history effect on the 

experiment. The measured real contact area is the result 

of more contact situations than the contact condition in 

Fig. 10 Fractional real contact area versus temperature determined from experiments (dots) and predicted by model (gray line) at 5, 10
(left), and 20 MPa (right); red squares and blue circles represent upper and lower bounds of real contact area, respectively. 


