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Wear resistant, 14.0±2 μm thick silica coatings on 8-mm thick nickel alloy substrates are being developed by companies A and B. You have been hired to quickly assess/compare the overall quality of the coatings produced by A and B using Vickers (diamond pyramid) indentation of the coatings. Low indentation loads (up to ~1N) are applied to avoid the effects of the substrate on the results, as described in the attached fragments of Paper 1 by Malzenber et al., and in Paper 2 by Teixeira. As time is of essence, you have performed only 5 indentation experiments on each sample of the coatings A and B, resulting in the load-displacement graphs similar to Fig. 2 in Paper 1.

For loads below ~0.05N, the indenter penetrates less than about 10% of the coating thickness, and there are no cracks at indentation corners, as in Fig. 1 in Paper 1. These load-displacement graphs (i.e. Fig. 2) can therefore be used for determination of the elastic modulus E [GPa] and hardness H [GPa] of the coatings (refer to Chapters 2.2.2, 2.2.3 in Paper 1 for details).
For loads above 0.1 N however the coating fractures, and the cracks of length c emanating from the corners of the indentation (see Fig. 3,5,6 in Paper 1) can be used for the evaluation of the fracture toughness KIC [MPa√m], fracture energy Γ [J/m2] , and the residual stress σr [MPa] for the coatings (refer to Chapter 2.2.4 in Paper 1). The parameters measured from the indentation experiments are as follows (refer to Paper 1, Fig. 1,2,3 for the meanings of these symbols):
Sample A:
[image: C:\Users\Alan\AppData\Local\Temp\mx31BDF.png]
Sample B:
[image: C:\Users\Alan\AppData\Local\Temp\mx36665.png]
The Assumptions: the correction factor ε=0.75, the Poisson Ratio of the coating, substrate and indent: νc = νs = νi =0.22, the Elastic Modulus: Ni-alloy: Es= 220GPa, diamond indent: Ei = 980GPa; crack length equals crack depth: c=d ; coefficients of thermal expansion CTE: silica coating αc = 2ppm/K; Ni-alloy: αs = 12ppm/K; The only source of residual stress is CTE mismatch. (Other reasonable assumptions can be made if needed – please state clearly and justify).

(i) stiffness E [GPa] and hardness H [GPa]

The approach to calculate the stiffness and hardness of both coatings A and B can be found in the attached papers with GD2, each of them can be found by a specific formula:


For E, every parameter is known except Er and contact area (A), which is the reduced elastic modulus. By applying the following formula Er can be calculated:

Since Smax is already given in the above tables, A is the one which we need to find out now. Three parameters and one correction factor are required to calculate A: Hmax, Pmax and Smax

As soon as we get the contact depth value (), the following formula is used to figure out contact area (A):


In terms of the hardness (H), the maximum load (Pmax) is a known parameter and the contact area (A) can also be calculated from above steps.

The calculation results are being summarized into the below table:

Table 1 Result Summary
	
	Sample A
	Sample B

	 (m)
	1.152981E-06
	9.920661E-07

	  (m2)
	3.370919E-11
	2.411278E-11

	 (GPa)
	2.457518E+01
	2.183769E+01

	Stiffness (E) (GPa)
	23.96
	21.23

	Hardness (H) (GPa)
	1.13
			1.66




Sample calculation for Sample A:


=0.00000135-0.75x (0.038/(161000))=1.172981E-6 m

 ==3.370919E-11 m2

 =21.61E+05= 2.457518E10 Pa
 = (1-0.222 )(1/2.457518E10)-((1- 0.222)/(9.8E+11))=23.96 Gpa
 = 0.038/ (3.370919E-11) =1127289027 Pa



iii)
the expected coating processing temperature Tp , estimated from the calculated in (i) level of the residual compressive stress σr [MPa] (refer to eq. 5 in Pap. 2)

First, we have to find the relationship between the residual compressive stress(from i) and the coating processing temperature Tp by using the following equation
[image: ]
Rearranging the above equation, we obtain
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Table 2.Processing temperature for two samples
At room temperature 25°C, the expected coating processing temperature Tp, is 360.49K and 307.85K for sample A and B respectively. 

















[bookmark: OLE_LINK1][bookmark: OLE_LINK2](iv) The interfacial flaw size cB [mm] at which the coatings will buckle (eq. 9, Pap2), and the interfacial flaw size cS [mm] at which the coatings spall (eq.10, Pap2). Would they first spall or buckle?

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]	With the given data and the equation below, we can calculate the interfacial flaw size cB at which the coatings will buckle, and the interfacial flaw size cS at which the coatings spall. 
  [image: C:\Users\Alan\AppData\Local\Temp\mx39A7F.png]    [image: C:\Users\Alan\AppData\Local\Temp\mx3D67E.png]

	We can start by isolated the desired valuable from the two equations

                 
	
All the parameters are either given in the content of the question or are the answer to the privous parts of the reprot. 
	For the constant k, we acaually get 2 different numbers for each sample. We decided to use both number. One is given in the article, which is “approximately equal to 14.7”; the other one is calculated using the eqation
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Table 3 Parameters and the resulting constant k for the two samples using the above equation 
	
	Sample A
	Sample B

	Es (Pa)
	2.20E+11
	2.20E+11

	Ec (Pa)
	2.396E+10
	2.123E+10

	vs2
	0.0484

	vc2
	0.0484

	k
	9.18196995
	10.362694


	
Now, we have all the variable we need to calculate the interfacial flaw size cB at which the coatings will buckle, and the interfacial flaw size cS at which the coatings spall. 

Table 4 Parameters and the resulting cB for the two samples using the above equation
	
	Sample  A
	Sample B

	t (m)
	0.000014

	σb (Pa)
	1.915E+07
	2.640E+06

	vc2
	0.0484

	k
	14.7

	k (using the equation)
	9.18196995
	10.3626943

	Ec (Pa)
	2.396E+10
	2.123E+10

	cB (mm)
	0.561843662
	1.424416487

	cB (mm)[with calculated k]
	0.444042718
	1.195954529




Table 5 Parameters and the resulting cs for the two samples using the above equation
	
	Sample A
	Sample B

	t (m)
	0.000014

	Ec (Pa)
	2.396E+10
	2.123E+10

	Kic (Pa*m1/2)
	350218.1889
	112508.306

	cs (mm)
	0.223992823
	0.37199984




Table 6 Result Summary of the interfacial flaw size cB at which the coatings will buckle, and the interfacial flaw size cS at which the coatings spall.
	
	Sample A
	Sample B

	cB (mm)
	0.5618
	1.4244

	cB (mm)[with calculated K]
	0.4440
	1.1960

	cs (mm)
	0.2240
	0.3720



	From the above table, we can see that no matter which k value do we choose to calcualte the interfacial flaw size cB, the smallest interfacial flaw size is still caused by spalling. This means that the coating for both samples will first spall. 


[bookmark: OLE_LINK5][bookmark: OLE_LINK6]v) Based on the above results, calculate the figure of merit W for ranking the wear resistance of the coatings, W=HKIC [GPa x MPa√m]; compare and thoroughly discuss the overall quality of the coatings A and B, and recommend the preferred supplier for the coatings.

	Using the equation below, should be able to tell which company make a better quality coating.  


Table 7  The figure of merit W for the two samples
	
	Sample A
	Sample B

	H (GPa)
	1.13
	1.66

	Kic (MPa*m1/2)
	0.350218189
	0.1125083

	W (GPa x MPa x m1/2)
	0.3957
	0.1868


	
By studying the chart above, we can see that sample A has a higher the figure of merit w, which means that it has higher hardness and higher fracture toughness. This kind of coating is more difficult to break and it can prevent cracking of the coating during drying better. Thus, with all that in mind, we recommend Company A to do the coating on the substrate. 
image4.emf
Sample ASample B

Sigma CT (MPa) 19.15 2.64

Stiffness E(MPa) 2396 2123

Vc 0.22 0.22

as(ppm/K) 0.00012 0.00012

ac(ppm/K) 0.00002 0.00002

Temperature© 62.3414 9.699482

Tp(K) 360.49 307.85
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