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Abstract 

Magnesium orthopaedic fracture fixation devices can potentially provide significant clinical benefits, 

such as the elimination of secondary surgeries for device removal due to in-vivo resorption and reduced 

stress shielding due to reduced device stiffness. However, development, approval, and clinical adoption of 

magnesium devices has been hindered by the excessively high rates of in-vivo corrosion such that the 

structural integrity of the device can be catastrophically reduced before fracture healing occurs. Coating of 

devices with calcium phosphate coatings has been shown to significantly reduce corrosion rates, while 

enhancing osseointegration. However, the adhesion strength between the CaP coatings and magnesium 

substrates has not been previously investigated. Clinical insertion of fracture fixation devices such as 
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intramedullary nails and k-wires will impose significant shear loading on the coated surface of the implant. 

If the effective shear strength of the coating-device interface is not sufficiently high, the coating will be 

damaged and removed during device insertion. In the current study a bespoke experimental-computational 

approach is developed to provide a new understanding of the relationship between coating thickness, 

surface roughness, and effective shear strength of the CaP coating- Mg substrate interface. Nine test cases 

were created by adjusting either the deposition time (3 thickness values) or the surface treatment of the Mg 

alloy using SiC paper (3 roughness values) and double-lap shear testing was performed for these coating 

configurations. Strain development in the Mg substrates was monitored using strain gauges, and failure 

stress was determined for each configuration. Test results revealed that the effective shear strength of the 

coating-substrate interface is significantly higher for coatings on the rougher substrate surfaces when 

compared to those on smoother surfaces. Coating thickness was not found to significantly influence the 

effective shear strength over the range considered in this study (0.37-1.34 m). Micro-scale finite element 

models of lap-shear tests were constructed using experimental profilometry data. Simulations of rough 

coating-substrate interfaces reveal that significant localised compression occurs at the coating-substrate 

interface in regions of large asperities. A novel cohesive zone formulation has been developed to simulate 

compression induced shear hardening, and the resultant simulations are found to accurately predict the 

significantly higher effective shear strength measured experimentally for rougher coatings compared to 

smoother Mg substrate surfaces.  
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1 Introduction 

Bone fractures are the leading cause of hospitalisations worldwide [1], with approximately 2.8 million bone 

repair cases performed annually [2]. The bone repair market was recorded at $53 billion globally in 2018, 

with the expectation of increasing to $75 billion by 2023 [3]. Commonly used biomaterials for this 

application include titanium, stainless steel and cobalt chromium, due to their strength and robustness that 

can substitute for hard tissue, such as bone. However, a major limitation with these materials exists within 

their inherently high elastic modulus which is not comparable to that for natural bone (3-20 GPa) [4]. This 

mismatch of mechanical properties leads to stress shielding whereby the typical stress on the bone is 

removed and causes bone resorption [5]. Metallic implants also provide a potential for ion release into 

surrounding tissues as a result of corrosion which may initiate an inflammatory response. Due to their non-

degradability, there is generally a need for a second surgery to remove the device once the bone has healed. 

For example, titanium plates used for maxillofacial surgeries require removal in up to 40% of cases [6] due 

to plate migration, interference with subsequent imaging diagnostics, and sensitivity issues [7]. In the case 

of paediatric fracture fixation, post-healing surgical intervention can effect subsequent growth and 

remodelling of immature bone [8]. Hence, the creation of a biodegradable orthopaedic implant would 

eliminate the need for many of these removal surgeries, leading to reduced patient trauma and cost [9].   

In this regard, magnesium and it alloys are attracting attention for use within orthopaedic applications due 

to their biocompatibility [10] and non-toxic biodegradability [11]. Stress-shielding is reduced by way of a 

lower elastic modulus (41-45 GPa) [12,13] and, due to the biodegradable nature of magnesium implants, 

second surgeries are becoming less prevalent [14]. However, despite research beginning back in 1878 

[15,16] there still remains a core issue with magnesium in respect to  its high degradation rate within the 

body [17,18]. Methods to control and tailor this degradation have been investigated by modification of the 

composition of magnesium alloys [19] and the application of coatings [20–22]. Alloying of magnesium 

with other elements such as calcium (Ca), aluminium (Al), and zinc (Zn) has been extensively investigated 

in recent years [23,24]. This process can increase both mechanical properties and corrosion resistance of 
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the magnesium alloy system. Surface treatment is another method which has been reported to control the 

rapid degradation of magnesium. Typical coating techniques within this category include electrochemical 

deposition, plasma spraying, chemical treatment, micro-arc oxidation and physical vapour deposition 

(PVD). Sputtering is the technique of choice for magnesium [25–27] due to the high adhesion strength and 

uniformity of the coating produced [28,29]. Other coating techniques possess limitations with non-

uniformity on complex geometries [22,30], poor adherence [31] and cracking [32] which could potentially 

drive corrosion.  Calcium phosphate (CaP) thin films sputtered using hydroxyapatite (HA) targets are 

among the most investigated sputter coating application for magnesium substrates [33–36]. Previous studies 

show that deposition of a CaP coating reduced corrosion rate in magnesium alloy coupons when subject to 

a degradation study using simulated body fluid (SBF) [21,37].  In general, coatings must be uniform and 

well adhered to facilitate adequate corrosion resistance [38]. 

Currently, there is a lack of literature surrounding the clinical study of CaP coated implants [39] and there 

are concerns surrounding the integrity of the coating post-implantation [40–43] with the high shear forces 

generated during implant insertion, having the potential to cause ploughing and/or delamination of the 

coating. Extensive research has been completed on CaP coatings and their role in slowing the degradation 

of the underlying substrate [21,44–46], however little is understood about its performance under mechanical 

stresses within clinical applications. Hence, in this study, the mechanical shear properties of CaP coatings 

on AZ31 Mg alloys have been investigated through an experimental double lap shear mechanical testing to 

determine the effects of coating thickness and AZ31 surface roughness on coating shear properties. The 

AZ31 Mg alloy has been selected due to its extensive research, commercial availability and cost 

effectiveness. These data have then been used to create a finite element (FE) model to simulate the failure 

of the CaP/AZ31 interface using a previously developed cohesive zone model (CZM) [47,48]. CZMs have 

been extensively used to predict interface failure and debonding of adhered surfaces [49–52] and to model 

the failure of polymer coatings on stents [52,53], as well as the delamination of plies in carbon fibre 

laminates [54,55] and the delamination of cells from substrates [56]. Specifically, both macro-scale and 
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micro-scale simulations of lap-shear experiments have been performed using experimental data from 

profilometer measurements in order to investigate the role of coating roughness and thickness on shear 

strength of the CaP/AZ31 interface.   

2 Experimental Methods 

2.1 Sample preparation 

Commercial grade magnesium-aluminium-zinc alloy of nominal composition: 96% Mg, 3% Al, 1% Zn 

(AZ31, Goodfellow, UK) was used to create test substrates measuring 10 mm × 50 mm × 1 mm. Sets of 

substrates were manually abraded on all faces with SiC paper (RS-Components, UK) of varying grit size 

p240, p800 and p1200 to three distinct surface roughness conditions. Substrates were then placed in a beaker 

with 99% isopropanol (IPA) (Sigma Aldrich, UK) in an ultrasonic bath (Ultrawave Ltd., UK) for 5 minutes, 

before drying with lint free paper.  

2.2 RF magnetron sputter coating 

RF magnetron sputter targets were prepared by dry pressing 11.5 g of medical grade Captal “R” 

Hydroxyapatite (HA) (Plasma Biotal, UK) into a recessed copper disk using a stainless-steel die and 

compressing under a load of 80 kN for 60 seconds. RF magnetron sputtering was performed using a high 

vacuum physical deposition system configured with two Torus™ magnetron sputter sources (Kurt J. 

Lesker, USA) each of which is configured at an incident angle of 45° to the sample holder normal, as 

described in detail elsewhere [20,21]. Each source is operated at a frequency of 13.56 MHz with the main 

sputtering parameters used here detailed in  

Table 1 to achieve coatings of various thickness, at a fixed throw distance of 100 mm, sputtering time was 

varied between 30, 70 and 100 hrs, with thicker coatings achieved after sputtering for a longer period of 

time. CaP coating thickness has been associated with sputtering parameters on a range of substrates with 

similar multielement targets [25,57–59]. More specifically, similar sputter targets have been used 

previously with the same conditions and yield a coating thickness which is comparable with this approach 
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[21,44].  Coatings were deposited on both faces of the substrate, across two sputter runs. Substrates were 

attached to the rotating sample holder via carbon tape and coated for the appropriate time. When finished, 

carbon tape was detached, and any residue removed using isopropyl alcohol before being thoroughly dried 

and coated on the remaining face.  

Table 1 RF magnetron sputtering parameters. 

Sputtering Parameter Setting 

Power 150 W 

Ramp-up power 1 W/sec 

Time 30/70/100 hrs  

Chamber pressure 5 x 10-5 mbarr 

Working gas Argon (99.995%) 

Gas flow rate 32 – 35 Sccm 

Throw distance 100 mm 

 

Coatings were sputter deposited, with no further processing and so are amorphous. In total, nine individual 

sets of samples were produced depending on the surface roughness and thickness conditions employed, as 

detailed in Table 2. Each sample set comprised three specimens with the required surface properties on both 

sides of the substrate(n=3). 

Table 2 Table showing the nine sample types used. 

 Coating thickness (hrs) 

30hr 70hr 100hr 

Surface roughness  

(grit size) 

p240 n=3 n=3 n=3 

p800 n=3 n=3 n=3 

p1200 n=3 n=3 n=3 

 

With regards to substrate surface roughness, samples are henceforth referred to as rough (p240), 

intermediate (p800) and smooth (p1200), where necessary.  
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2.3 Lap shear testing 

Lap shear testing was performed by adapting the ASTM D3528 – 96 standard requirements for double lap 

shear testing of adhesive joints. CaP coated AZ31 samples (50 mm x 10 mm) of each type (Table 2) were 

then adhered to two uncoated AZ31 specimens, as shown in Figure 1, using a cyanoacrylate-based adhesive 

(Loctite Super Glue Power Flex Gel, Loctite, Germany). The mounted samples were then tested under 

tensile load using an Instron 2300 Mechanical Testing apparatus (Instron, USA) equipped with an axial 

extensometer; gauge length 25mm (model 3442; Epsilon Tech Corp, USA) at a crosshead speed of 1.27 

mm/min, until failure.  

 

Figure 1 (a) schematic detailing the construction of a double lap shear CaP coated AZ31 substrates and (b) 

illustration of how the double lap sample is incorporated within the tensile tester. 

 

2.4 Characterisation 

The surface roughness of the uncoated, abraded (p240, p800, p1200 roughened) and CaP sputter coated 

(30, 70 and 100 hr) AZ31 substrates were measured using a DektakXT stylus profilometer (Bruker, UK), 

using a tip with diameter 2 µm, and force 2 mg. Data was measured across a distance of 4000µm, at a 
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resolution of 0.444 µm/pt. Roughness parameters Ra (mean surface roughness) and Rq (root mean square 

roughness) were recorded. Measurements were carried out in triplicate and t-tests were used to determine 

statistical difference (p value < 0.05). The results are presented as mean ± standard deviation, unless 

otherwise stated. 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) data was obtained using a ToF-SIMS 5 

instrument (IONTOF GmbH, Germany). Analysis was carried out with a Bi+ ion gun operating at 25 keV, 

in positive polarity, analysing an area of 20 x 20 µm. Depth profiling was performed with a secondary Cs+ 

gun at 10 keV, rastered over an area of 100 x 100 µm. Data was collected using a non-interlaced sputtering 

technique for a sputter time of 1100 seconds. Data for Mg+ and Ca+ ions were recorded, with the cross over 

detection point used to determine coating thickness from a previously described equation [21]. This 

equation allows conversion of the ToF-SIMS depth profiling time to an exact thickness of RF magnetron 

sputtered CaP.  

Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray analysis (EDS) was carried out on 

post-lap shear substrates, using a Hitachi SU5000 field emission instrument (Hitachi, Europe) fitted with 

an X-max 80 silicon drift EDX analysis detector (Oxford Instruments, UK). SEM was carried out on the 

central beam of the double-lap shear specimen, with both sides being examined. High resolution images 

were captured in low vacuum, using the back-scattered electrons (BSE) signal. All images were collected 

under an accelerating voltage of 10 keV at a low magnification of ×60 to allow for a greater surface area (2 

× 1.5 mm) to be analysed. High resolution images from four areas were then tiled together using the 

stitching plugin for ImageJ [60]. Grid collection stitching [61] was used to join images with a tile overlap 

of 6% and regression threshold of 0.10. EDX analysis was carried out under an accelerating voltage of 5kV 

in order to only analyse the coating, and not the underling magnesium alloy. EDX maps were recorded at a 

resolution of 1024 × 1024 pixels, with 3 frames acquired per map. These maps were used to create the 

chemical maps of the surface for use in conjunction with the grayscale SEM contrast images.   
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Further physical and chemical characterisation on said coatings has been completed in previous work 

published by the authors [21] and so, only relevant parameters were explored within this study.  

3 Computational Methods 

3.1 Cohesive Zone Model 

To model the failure of the interface between the CaP coating and the Mg a non-potential based fully-

coupled mixed-mode cohesive zone model is implemented (for full detail the reader is referred to 

FitzGibbon & McGarry [47]).   

For a given interface displacement vector 𝚫 with normal and tangential (shear) components Δ𝑛 and Δ𝑡 , 

respectively, the corresponding displacement magnitude is given as Δ𝑚 = (Δ𝑛
2 + Δ𝑡

2)
1/2

 and the mode 

angle is given as 𝜑 = tan−1(Δ𝑡 Δ𝑛⁄ ). The magnitude of the interface traction is expressed as a function of 

Δ𝑚 and 𝜑 by the following formulation: 

𝑇𝑚(𝛥𝑚, 𝜑) = {
𝐾𝑚Δ𝑚 , Δ𝑚 < T𝑚

𝑚𝑎𝑥(𝜑)/𝐾𝑚
𝐾𝑚T𝑚

𝑚𝑎𝑥(𝜑)/𝐾𝑚Ψ(𝜑) , Δ𝑚 ≥ T𝑚
𝑚𝑎𝑥(𝜑)/𝐾𝑚

  (1) 

We refer to Ψ as the integrity of the interface (i.e., Ψ = (1 − 𝐷), where D is referred to as the interface 

damage). Ψ monotonically decreases from 1 to 0 with increasing interface separation, such that  

Ψ(𝜑) = exp(−
𝛥𝑚
𝑚𝑎𝑥 − T𝑚

𝑚𝑎𝑥(𝜑)/𝐾𝑚
𝛿𝑚
∗ (𝜑)

)
Δ𝑚
Δ𝑚
𝑚𝑎𝑥 (2) 

where 𝐾𝑚 is the intrinsic elastic stiffness of the interface. 𝐾𝑚 is assumed to be mode-independent. T𝑚
𝑚𝑎𝑥(𝜑) 

is the specified mode-dependent interface strength; the corresponding displacement (𝛿𝑚
𝑒𝑙(𝜑) =

T𝑚
𝑚𝑎𝑥(𝜑)/𝐾𝑚) represents the elastic limit of interface separation at the point of damage initiation. The 

mode-dependent parameter 𝛿𝑚
∗ (𝜑) governs the rate of softening in the damage region (Δ𝑚 ≥

T𝑚
𝑚𝑎𝑥(𝜑)/𝐾𝑚). The interface strength is defined as a function of the mode as follows: 
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T𝑚
𝑚𝑎𝑥(𝜑) = 𝜏𝑚𝑎𝑥 −

(

 
 
 𝜏𝑚𝑎𝑥 − 𝜎𝑚𝑎𝑥

1 − exp(−

𝜋
2
Ω𝑇
)
)

 
 
 
(1 − exp (−

𝜑

Ω𝑇
)) (3) 

where 𝜏𝑚𝑎𝑥 is the mode II interface strength, Ω𝑇 sets the non-linearity of the transition from mode II to 

mode I, and 𝜎𝑚𝑎𝑥 is the mode I interface strength. We specify the mode-dependence of 𝐺𝑚(𝜑) using the 

following function: 

𝐺𝑚(𝜑) = 𝐺𝑡
0 −

(

 
 
 𝐺𝑡

0 − 𝐺𝑛
0

1 − exp (−

𝜋
2
Ω𝐺
)
)

 
 
 
(1 − exp (−

𝜑

Ω𝐺
)) (4) 

where 𝐺𝑡
0 is the mode II fracture energy and 𝐺𝑛

0 is the mode I fracture energy, Ω𝐺  sets the non-linearity of 

the transition from mode II to mode I. Finally, we complete the description of the cohesive zone formulation 

by decomposing 𝑇𝑚 into the normal and tangential components, 𝑇𝑛 and 𝑇𝑡, respectively, such that: 

𝑇𝑛 = {
𝐾𝑛𝑜𝑐Δ𝑛, Δ𝑛 < 0

𝑇𝑚 sin(𝜑) , Δ𝑛 ≥ 0
 (5) 

𝑇𝑡 = 𝑇𝑚cos (𝜑) (6) 

where 𝐾𝑛𝑜𝑐 is the overclosure penalty stiffness.  

Finally, the model incorporates shear hardening due to normal compression at the interface. As shown in 

Figure 2, we include a dependence of the mode II interface strength, 𝜏𝑚𝑎𝑥, on normal compression at the 

interface, such that  

𝜏𝑚𝑎𝑥(𝑇𝑛) = {
𝜏𝑚𝑎𝑥
𝑛𝑐 (𝑇𝑛), Tn < 0

𝜏𝑚𝑎𝑥
0         , Tn ≥ 0

 

The mode II interface strength increases with increasing (negative) normal traction, such that  



   

 

11 

 

𝜏𝑚𝑎𝑥(𝑇𝑛) = {
𝜏𝑚𝑎𝑥
0  + 𝜏𝑚𝑎𝑥

0 (𝐹𝑜𝑐 − 1.0) (1 − 𝑒𝑥𝑝 (
𝑇𝑛
𝑇𝑜𝑐
∗ )) , Tn < 0

𝜏𝑚𝑎𝑥
0         , Tn ≥ 0

 

𝜏𝑚𝑎𝑥
𝑛𝑐 (𝑇𝑛) = 𝜏𝑚𝑎𝑥

0  + 𝜏𝑚𝑎𝑥
0 (𝐹𝑜𝑐 − 1.0) (1 − 𝑒𝑥𝑝 (

𝑇𝑛
𝑇𝑜𝑐
∗ )) 

(7) 

where 𝜏𝑚𝑎𝑥
𝑛𝑐 (Δ𝑛) is the increased value of tangential strength due to a normal compression at the interface.  

𝜏𝑚𝑎𝑥
0  is the maximum tangential strength, as encountered during a pure mode II separation when Δ𝑛 =

0 and T𝑛 = 0. The parameter 𝐹𝑜𝑐 prescribes the maximum (plateau) value of increased shear strength due 

to compressive normal tractions at the interface. The parameter Toc
∗  governs the sensitivity of maximum 

(plateau) shear stress to compressive normal tractions. Unless otherwise stated in this study, we assume that 

𝜏𝑚𝑎𝑥 = 𝜏𝑚𝑎𝑥
0 , i.e. maximum tangential strength is not increased due to normal compression at the interface. 

This cohesive zone model is implemented in the finite element software Abaqus through a Used Defined 

Interface Subroutine (UINTER). 
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Figure 2 Compression hardening law for three values of 𝐹𝑜𝑐=1.0, 1.2, 1.4. The dashed red line indicates 𝜏𝑚𝑎𝑥
0  and 

dashed blue line indicates the 𝐹𝑜𝑐 value used in the present study (𝐹𝑜𝑐=1.4). CZM parameters for this demonstrative 

example are 𝜏𝑚𝑎𝑥=𝜎𝑚𝑎𝑥=1 MPa, 𝐺𝑡
0=𝐺𝑛

0=1 MPa/mm, 𝐾𝑚=10 MPa, 𝐾𝑛𝑜𝑐=𝐾𝑚, 𝑇𝑜𝑐
∗ =𝐾𝑚/10. 

 

3.2 Finite element model 

As shown in Figure 3, a macro-scale finite element model of the experimental lap-shear experimental 

simulation is performed in which the CaP coating, the adhesive layer, and the CaP/Mg interface is 

phenomenologically represented using the cohesive zone formulation (equations (1)-(8)). The CZM elastic 

stiffness is calibrated to account for the elastic deformation of the coating, and the CZM effective shear 

strength is calibrated based on experimental measurements of applied force at the point of interface failure. 

In such macro-scale simulations, the interface is assumed to be planar, and mixed-mode interface separation 

does not occur.  Therefore, the macro-model determines the mode II interface strength (𝜏𝑚𝑎𝑥), the mode II 

fracture energy (𝐺𝑡
0) and the effective stiffness (𝐾𝑚) of the interface at a continuum level.  

These parameters are determined individually through separate sensitivity analyses of each parameter 

fitting computational reaction force to experimental reaction force. 
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This mode II interface strength is a function of both the chemical bond strength between the CaP and the 

Mg as well as the geometric conditions (i.e., the surface roughness of the Mg) which are not explicitly 

modelled in the macro-scale simulation.  

Additionally, micro-scale simulations are also performed in which a realistic coating geometry is explicitly 

constructed using experimental thickness measurements and experimental profilometry characterisation of 

the surface roughness. The adhesive layer is also explicitly represented in the model. The CZM formulation 

is applied to the rough surface interface between the CaP coating and the Mg. In such micro-scale modelling 

the CZM represents only the chemical bonds between the CaP and Mg, with CZM parameters representing 

the bond strength, and fracture energy. Additionally, due to the complex geometry of the CaP-Mg interface, 

mixed-mode debonding can occur, despite the effective application of a pure shear deformation at the 

macro-scale. Additionally, the complex interface geometry can result in compression between contacting 

asperities during the fracture process, which can also provide a toughening mechanism against crack 

propagation and interface failure.  Micro-scale model material properties used are outlined in Table 3. 

Table 3 Material properties used in the FE models. 

Material E, Young’s Modulus (GPa) Poisson’s Ratio 

Magnesium [19] 45 0.35 

CaP coating [62] 130 0.4 

Adhesive [63] 1.7 0.4 

 

Individual micro-models are created for each of the 9 experimental test cases outlined in section 2.1. A 

Python script is developed to construct the CaP-Mg interface surfaces. Experimentally measured 

topographical data from the experimental profilometry data sets for each roughness value. Two micro-scale 

surfaces along with their corresponding topographical data for the roughest and smoothest surfaces are 

displayed in Figure 3. Furthermore, from each of the 3 sets of experimental profilometer data, three 

statistically similar but topologically different Mg surfaces are created, ensuring that roughness of each 
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section is within 5% of the experimentally measured roughness value. This ensures that the predicted micro-

scale results are not due to a geometric anomaly. Three values of coating thickness are considered for each 

reconstructed CaP-Mg interface. A total of 27 micro-scale models are simulated. The CaP-Mg interface 

strength and fracture energy are calibrated so that the resultant stress and displacement at interface failure 

is the same as the effective values determined by the aforementioned experiments and macro-scale 

simulations. This micro-scale modelling approach is used to determine if measured experimental trends of 

can be predicted solely from the changes in surface roughness or coating thickness, i.e., if the same chemical 

bond exists between the CaP coating and the Mg for all experiments. 

 

Figure 3 Schematic of the full macro-model with an overlap length of 10 mm matching the experimental tests. The 

detail view shows the experimentally measured topographic data for a section of one A(i) p1200 surface and one B(i) 

p240 surface. Images of the corresponding surfaces in the micro-scale models for the A(ii) p1200 surface and the B(ii) 

p240 surface, where zoom boxes are show for more detail of the coating thickness (cream) compared to the adhesive 

(blue) and the Mg (grey). 

All computational simulations are carried out in the commercial FE software Abaqus 2017 (Dassault 

Systems). The macro-model is comprised of 9600 CPE4 elements. In order to account for machine 

compliance that is evident in the experimental results a spring-to-ground is included at the fixed end of the 
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sample with a spring stiffness of 140 kN/m, which gave a good fit with the experimental results. The micro-

scale finite element models are comprised of approximately 700,000 CPE3 and CPE4 elements.  

4 Experimental Results 

Substrates abraded with SiC paper of p240, p800 and p1200 grit size yield mean surface roughness values 

of 0.87 ± 0.13, 0.27 ± 0.04 and 0.16 ± 0.04 µm, respectively, as shown in Figure 4.  All substrates are found 

to have surface roughnesses that are significantly different (p<0.01) from one another. 

 

Figure 4 Stylus profilometer line profiles of substrates abraded with (a) p240, (b) p800 and (c) p1200 grit paper with 

(d) comparison of mean surface roughness (Ra).   **Statistical difference: p240/p800 (p<0.01); p240/p1200 (p<0.01); 

p800/p1200 (p<0.01).  

 

Figure 5 shows the Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) depth profiles for a p240 

specimen from each sputter run, plotting sputter time versus intensity. Coating thickness is measured as 

0.37, 0.83 and 1.34 µm corresponding to a RF sputtering time of 30, 70 and 100hr.  
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Figure 5 Depth profile analysis of 30 (blue), 70 (green) and 100hr (red) RF magnetron sputtered CaP coatings on 

p240 AZ31 magnesium alloy. Coating thicknesses were calculated using a sputter rate ratio obtained from analysis 

of a Ca+ depth profile crater using the same settings under stylus profilometry, as described previously [21]. 

 

Table 4 shows the results from the double lap shear mechanical testing with the load to failure reported as 

a mean (n=3) ± standard deviation.  Results here indicate that as surface roughness increases, a larger load 

to failure is required. Statistical comparison shows that with respect to surface roughness, load to failure 

for p240 samples is significantly higher than for the p800 and p1200 surfaces (p<0.01). No significant 

difference is present between failure loads for p800 and p1200 substrates. Hence, coating thickness does 

not show a significant difference with respect to load to failure. 
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Table 4 Influence of coating thickness and surface roughness on experimental effective shear strength (MPa) required 

to cause failure. 

 Coating thickness (Deposition time) 

0.37 µm (30hr) 0.83 µm (70hr) 1.34 µm (100hr) 

S
u

rf
a

ce
 

R
o

u
g

h
n

es
s 

(g
ri

t)
 

0.87 µm (p240) 6.42 ± 0.25 5.88 ± 0.27 5.75 ± 0.75 

0.27 µm (p800) 4.25 ± 0.41 3.33 ± 0.36 3.94 ± 0.28 

0.16 µm (p1200) 4.28 ± 0.61 3.42 ± 0.72 3.95 ± 0.81 

 

Scanning electron microscopy analysis of a p240 polished, 70hr CaP coated substrate, post lap-shear is 

shown in Figure 6 with EDS elemental maps for the magnesium, calcium and phosphorus signals together 

with an overlaid image also provided. For the central beam of the double-lap specimen, the CaP coating 

remains mostly within the striations, with the majority being removed by the shear forces applied during 

testing. 

 

Figure 6 SEM/EDX analysis of failed double-lap central beams for CaP coatings deposited for 70 hr AZ31 Mg alloy 

substrates; polished with p240 SiC paper. (a) SEM high resolution image, (b) EDX elemental composition overlay, 

(c) magnesium, (d) calcium and (e) phosphorus elemental maps. Scale bar = 50 µm. The schematic in (f) shows the 

central beam’s surface analysed (red contoured) and the bar chart in (g) displays the removed CaP coverage, based 

on similar EDS maps, for different AZ31 roughnesses and CaP thicknesses. 
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Indeed, quantitative analysis of the amount of coating removed after shear to failure was carried out to 

determine if there was any relationship between load to failure and the proportion of coating removed from 

a standard 4 × 3 mm2 area. This was done using grayscale thresholding and pixel counting, with results 

displayed in the bar chart of Figure 6 (g). These data indicate that the coating removal fraction tended to 

decrease for the rougher and thicker coatings, except in the case of 30hr substrates.  

Data from EDX analysis of these coatings is presented as Ca/P ratios which have been calculated based on 

percentage atomic concentration (Table 5). 

Table 5 Ca/P ratios determined by SEM-EDX analysis for different CaP coating thickness parameters on AZ31 Mg 

alloy.  

Substrate Ca/P ratio 

0.37 µm (30hr) 1.51 ± 0.04 

0.83 µm (70hr) 1.79 ± 0.09 

1.34 µm (100 hr) 1.84 ± 0.09 

 

5 Computational Results 

5.1 CZM Parameter calibration 

In order to estimate the Mode II interface strength, fracture energy, and effective stiffness a sensitivity 

analysis is carried out for each cohesive zone parameter (Figure 7). The output from such parametric 

simulations is a macro-scale lap-shear force-displacement curve that can be compared directly to 

experimental measurables. Simulations reveal that the cohesive zone mode II strength (𝜏𝑚𝑎𝑥) primarily 

influences the peak lap-shear force, and consequently the effective shear strength. The cohesive zone mode 

II fracture energy primarily determines the rate of force reduction after the peak force is reached. The 

cohesive zone intrinsic elastic stiffness primarily influences the slope of the lap-shear force displacement 

curve prior to the peak force. These dependencies allowed for an accurate calibration of the cohesive zone 

mode II fracture strength from experimental results. In the case of the cohesive zone fracture energy G, 
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experimental measurements allowed for the establishment of an upper limit that accurately simulated the 

brittle fracture observed in lap-shear tests. 

Figure 7(A) presents a parametric study of the mode II interface shear strength (𝜏𝑚𝑎𝑥) using a fracture 

energy, 𝐺, and the interface stiffness, 𝐾𝑚, of 0.18 MPa/mm and 200 MPa, respectively, for all cases.  The 

interface strength has a significant effect on the applied force at failure. As expected, the effective stiffness 

is not influenced by this parameter.  

Next, the effect of the interface stiffness, 𝐾𝑚 on predicted force vs strain curves is presented in Figure 7(B). 

In all cases the mode II interface strength, 𝜏𝑚𝑎𝑥, and the fracture energy, 𝐺, have values of 4.8MPa and 

0.18 MPa/mm, respectively. The CZM effective stiffness 𝐾𝑚  has a significant effect on the predicted 

stiffness of the system, while having a weak (but non-negligible) effect on the applied force at failure.  
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Figure 7 (a) A graph of force (F) versus strain (measured at the extensometer) plotting the experimental results and 

the computational results for different interface strength values. (b) A graph of force (F) versus strain (measured at 

the extensometer) plotting the experimental results and the computational results for different interface stiffness 

values. (c) A graph of force (F) versus strain (measured at the extensometer) plotting the experimental results and the 

computational results for different fracture energy values. All experimental samples had roughness of Ra=0.27 µm 

and thickness of 0.37μm. 
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Finally, we examined the effect of the CZM fracture energy (𝐺) on the system. For the results plotted in 

Figure 7(C), the interface strength (𝜏𝑚𝑎𝑥) and the interface stiffness (𝐾𝑚) have values of 4.8MPa and 

200MPa, respectively. The fracture energy has a negligible effect on the applied force at failure, but it has 

a strong influence on the softening behaviour following initiation of crack propagation. Experimentally a 

sudden drop in applied force is observed, with fast crack propagation through the interface. This suggests 

that brittle interface fracture occurs with a low interface fracture energy. As shown in Figure 7(C), a fracture 

energy (G) of 1.0 MPa/mm provides a reasonable upper limit for prediction of experimentally observed 

brittle interface failure. Higher values of fracture energy result in a more gradual reduction in force 

following initiation, in contrast to experimentally observed rapid reductions in force. Further reduction of 

G below 1.0 MPa/mm does not significantly influence the predicted peak force or the subsequent rapid 

reduction of force during brittle fracture.   

 

Figure 8 Load vs displacement graphs for each of the 9 cases tested. The experimental results are shown in black, 

and the computational fits are shown in a dashed red line. 
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Computational and experimental load-displacement curves are superimposed in Figure 8 for each of the 

nine experimental coating configurations. As shown in Figure 8, the model accurately predicts the linear 

load-strain relationship, in addition to the failure load and failure strain for all cases. The calibrated CZM 

shear strengths (𝜏𝑚𝑎𝑥) are similar in value to the experimentally measured effective shear strength. This 

indicates that, at a macro-scale, interface failure during a lap-shear test can be represented as a pure mode 

II process. Similar to experimental trends, the computational CZM interface strength is found to be strongly 

dependent on coating roughness, but not on coating thickness. CZM stiffness is calibrated to accurately 

predict the pre-failure slope of experimental force-strain curves. energy of 1.0 MPa/mm is found to predict 

sufficiently fast crack growth and brittle fracture (similar to that observed experimentally) for all nine 

coating configurations.  

 

Table 6 Calibrated 𝜏𝑚𝑎𝑥  (MPa) parameters for the CaP/Mg interface in the macro-scale lap-shear model 

 Coating thickness (Deposition time) 

0.37 µm (30hr) 0.83 µm (70hr) 1.34 µm (100hr) 

S
u

rf
a
ce

 

R
o
u

g
h

n
es

s 

(g
ri

t)
 

0.87 µm (p240) 7.3 6.0 9.0 

0.27 µm (p800) 4.8 4.1 4.1 

0.16 µm (p1200) 4.5 3.3 4.1 

 

 

5.2 Micro-scale Computational Analysis 

Incorporation of experimentally measured coating roughness profiles into micro-scale finite element 

models of lap-shear tests provides insight into the role of localised compression hardening and crack-tip 

mode mixity on the effective shear strength of the coating-substrate interface. Figure 9 presents the stress 

state in the coating and the traction state at the coating-magnesium interface at the point of fracture 

initiation. For both the rough and smooth coating profile, crack initiation is a mixed mode process, with 

significant normal separation, in addition to tangential/shear separation. As a result, the local micro-scale 

mode I and mode II strengths (𝜎𝑚𝑎𝑥=13 MPa; 𝜏𝑚𝑎𝑥=13 MPa) are found to be significantly higher than the 
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calibrated values for the macro-scale model (Table 6) due to its simplified assumption of a perfectly planar 

interface and pure mode II debonding throughout the lap-shear failure.  

 

Figure 9. Stress state and traction state in the coating at the point of initiation in the rough model (A-E) and the 

smooth model (F-J). Computed Von Mises stress in the rough model (B) and the smooth model (G) is shown. 

Tangential traction (C, H) and normal traction (D, I) are shown for the selected potion of the interface. The traction-

based mode mixity 𝑡𝑎𝑛−1(𝑇𝑡/𝑇𝑛) is shown in (E, J), mixed mode initiation is evident in the smooth and rough models. 

 

Figure 10 shows the stress state and the interface traction state as a crack grows from a non-compressive 

region (at the base of a large asperity on a rough coating) towards a region of high interface compression 

at the side of the asperity. Prior to the crack-tip entering a compressive zone, crack extension occurs when 

the pure mode II interface shear strength is reached. However, as the magnitude of interface compression 
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increases at the crack tip, the mode II interface strength is increased due to an interface compression 

hardening (ICH) mechanism, as described by equation (9), with parameters 𝐹𝑜𝑐 = 1.4 𝑎𝑛𝑑 𝑇𝑜𝑐
∗ = 𝐾𝑚 100⁄ .   

 

Figure 10 Micro-scale ICH model prediction of crack propagation along a large asperity in a rough coating. Von 

Mises Stress distributions in coating and substrate are shown in (A-C). Tangential traction (𝑇𝑡) distributions along 

the asperity during crack propagation are shown in (D-F).  Tangential traction (𝑇𝑡) (G-I) and normal traction (𝑇𝑛) 
(J-L) are plotted as a function of position in front of the crack tip. In regions of high interface compression (negative 

normal traction) on the side of the asperity, the shear strength is significantly increased due to an interface 

compression hardening mechanism. 
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In the case of a smooth coating, as shown in Figure 11, the absence of such regions of interface compression 

due to significantly lower roughness and asperities results in negligible compression hardening.  

 

 

Figure 11 Micro-scale ICH model prediction of crack propagating along the smooth coating. Von Mises stress in the 

smooth coating is computed (A, E, I). Tangential traction (B, C, F, G, J, K) and normal traction (D, H, L) along the 

interface of the smooth coating. In contrast to a rough coating, no regions of high compression are computed along 

the interface, and consequently no significant compression hardening is computed. The red arrow denotes the position 

of the crack tip. 

 

Consequently, as shown in Figure 12, the effective shear strength of the rough coating is computed to be 

~1.75 times higher than that of a smooth coating, in agreement with experimental measurements. Micro-

scale profilometer based models predict that effective shear strength is independent of coating thickness for 

a given roughness level. The ICH mechanism is not found to depend on coating thickness. This computed 

result is also consistent with experimental results and suggests that interface compression at asperities and 

related shear hardening is the primary determinant of effective shear strength. If the ICH mechanism is 

removed from the model, the experimentally observed higher effective shear strength is not computed for 

the rough coating. Finally, effective shear strengths are computed for five representative, experimentally 
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measured coating profiles for each case. This facilitates the computation of a mean and standard deviation 

of computed effective shear strength for each case. No statistically significant differences are observed 

between computed and measured results when the ICH mechanism is incorporated into the micro-scale 

modelling framework.     

 

 

Figure 12 Computed values of effective interface mode II strength for smooth, intermediate, and rough coating-

substrate interfaces. Computed results are presented as mean and standard deviations using five representative, 

experimentally measured profilometer date for each case. Incorporation of the ICHM results in a significant increase 

in effective mode II strength for rough coating-substrate interfaces, providing good agreement with experimental 

measurements.  

 

While micro-scale simulations suggest that large asperities in rough coatings result in compressive interface 

stresses which result in interface shear hardening and higher effective shear strength, an addition 

consequence of such localisation is the generation of higher stresses within the coating itself. Figure 13 the 

stress state in the coating ahead of the crack tip is analysed in detail for a rough and smooth coating. Clearly, 

the presence of large asperities results in shear stress localisations as high as 157 MPa in the rough coating 
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(Figure 13A), whereas shear stresses of 73 MPa are only computed in the smooth coating (Figure 13B). A 

similar trend of localisations of the maximum principal (tensile) stress is computed in the rough coating (69 

MPa, Figure 13C) compared to the smooth coating (2 MPa, Figure 13D). Finally, such localisations are 

also computed in the minimum principal (compressive) stress in the rough coating (309 MPa, Figure 13E) 

compared to the smooth coating (147 MPa, Figure 13F). While the computed minimum principal stress 

localisation is not sufficient to cause failure with a compressive strength of 510 MPa [64], it could 

conceivably reach this value in specimens with more severe asperities (rougher interfaces). While precise 

values of shear strength have not been determined for CaP coatings, localisations in excess of 150 MPa are 

in the region of reported tensile strength for dense calcium phosphate materials (69-193 MPa) [64]. 

Furthermore, the computed max principal stress localisation is at lower end of this range (69 MPa) 

suggesting it may also play a role in coating failure. Such localisations persist in the coating following 

localised debonding at the interface due to hard contact between coating and substrate in the region of the 

asperity. In summary, an increase in coating roughness may increase the resistance to interface debonding 

due to localised interface compression. However, such an increase in roughness will also elevate localised 

stresses in the coating material, thus activating intra-coating damage as a secondary mechanism of failure. 

This may provide an explanation for the experimental observation that ~10% of the coating remains on the 

substrate following lap-shear testing (i.e., localised sections of damaged coating may remain in place) and 

the decreased removed coverage fraction of Figure 6 (g). Such high stress localisations in the coating 

material are not computed in the smooth coating. This prediction is consistent with the experimental 

observation that only ~3% of a smooth coating remains on the substrate following lap-shear testing. 
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Figure 13. Max shear stress in the coating for the rough (A) and smooth (B) interfaces. The red arrow denotes the 

location of the crack tip 68.4 𝜇𝑚 from the edge of the sample. The max tensile (principal) stress is shown in (C) and 

(D) for the rough and smooth interfaces, respectively. Minimum principal stress is shown in (E) and (F) for the rough 

and smooth interfaces, respectively. The red arrow denotes the location of the crack tip 68.4 𝜇𝑚 from the edge of the 

sample in each case. 
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6 Discussion 

EDX analysis of CaP coatings Mg alloy substrates pre-lap shear testing, indicate Ca/P ratios of 1.51, 1.79 

and 1.84 for thicknesses of 0.37, 0.83 and 1.34 µm, respectively. These values are slightly lower than that 

of stoichiometric hydroxyapatite (1.67). Though, they are comparable to previously reported work with RF 

sputter-deposited amorphous CaP coatings on both standard metal and metal alloy substrates [44,57,65]. It 

is thought that the abrasive preparation of the Mg substrates effects the growth mechanism of the coating 

which in turn can contribute to a lower Ca/P ratio [39].  

The results presented here indicate that as surface roughness increases, so too does the shear strength of the 

CaP sputter-deposited coating on the Mg alloy. Previous studies report that an increased surface roughness 

acts to increase the mechanical interlocking effect between the adhesive and sample surface [66,67]. With 

regard to the coating thickness, there is no clear relationship between thickness and effective shear strength. 

In this study, it is clear that substrate roughness impacts on the shear strength of this CaP coating - 

magnesium alloy substrate interface to a greater extent than coating thickness.   

Due to the complex loading environment experienced by orthopaedic fracture fixation devices such as K-

wires and intra-medullary nails, particularly the extremely high shear loads on insertion, it is essential that 

the CaP coating applied to Mg implants remains intact post-surgery. Any defects or failures that occur in 

the coating during insertion could potentially represent areas for stress localisations and increased 

degradation rates for the Mg implant. As such, it is essential that the nature interface between the CaP 

coating and the Mg alloy is optimised for these conditions. The CZM data presented in this study has been 

calibrated to accurately predict the strain and load at failure observed in the experimental portion of this 

paper. 

Currently no recommendations or regulatory guidelines are in place for lower limits of shear strength at 

implant-coating interfaces and the required coating strength for use in vivo will be highly application-

specific. However, previous finite element analyses of intramedullary nails and fracture fixation locking 

plates suggests interface shear stresses are lower than ~10 MPa [68]. In said analyses the majority of the 
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surface area of an intramedullary nail, subjected to physiologically relevant loading conditions, does not 

 x     t        t v  s  ar str   t  o  ≈6.    a u  ov r      t   present study. Only one of the reinforcing 

screws is found to exceed the magnesium-HA effective shear strength. Therefore, we suggest that the 

magnesium-HA system fabricated in the current study could be a viable candidate for intramedullary nails 

applications. However, further detailed finite element analysis should be carried out in order to determine 

application-specific required coating strengths. This could lead to the modification of implant designs in 

order to reduce shear-stress at the coating-implant surface. 

Macro-scale CZM parameters as calibrated herein are a good fit for the experimental results achieved. 

Macro-scale model does not explicitly model the surface roughness and coating thickness due to 

computational restrictions. The highest macro-scale interfacial strength is predicted for the samples with 

the roughest surface, Ra= 0.87 µm, with little difference in the values predicted for the two smoother 

surfaces. Results show no statistical significance in the macro-scale interface strength for the three coating 

thicknesses studied and do not clarify what effect, if any, topography and the coating thickness specifically 

have on the interface strength and so a micro-scale model was developed to provide further insight. 

The micro-scale model presented in the current study accounts for the mechanical interlocking between the 

interface surfaces through the model geometry constructed using profilometer data measured from the test 

specimens. However, this representation of coating roughness and asperities is not sufficient to account for 

the measured increase in effective shear strength for high roughness coatings. The further addition of an 

ICH mechanism leads to accurate predictions of the experimental measurements. Increased compressive 

stresses in the coating material and increased compression in the interface are revealed to be the key 

mechanistic differences between smooth and rough coatings. While the geometric differences provide some 

increase in effective shear strength for rough coatings, a localised ICH mechanism is required to capture 

the entire experimental increase in strength. 

The ICH mechanism is applied at the sub-micron size-scale of the micro-mechanical coating asperity 

model. However, ICH can be interpreted as a phenomenological representation of smaller nano-scale 
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mechanisms at the size-scale of coating-substrate interdigitation along the surface of asperities. 

Compressive stresses at nano-scale interdigitations will result in higher resistance to localised coating 

fracture, given the high strength of HA in compression. 

Since such compressive regions are not computed for smooth coating-substrate interfaces, consequently the 

ICH mechanism is not activated. Our study suggests that the use of an ICH CZM formulation coupled with 

geometrically represented surface roughness is sufficient to capture the increase in interface strength due 

to surface roughness.   

Micro-scale simulations also reveal higher localised intra-coating stress concentrations for rough coating-

substrate interfaces suggesting that coating damage may be more pronounced in rough interfaces near to 

large asperities. Such localised stress concentrations may exceed the coating compressive load resistance 

[64], resulting in localised damage within the coating material. This may explain the experimental finding 

that ~10% of coating remains on the substrate following lap-shear testing of rough interfaces, compared to 

only ~3% for smooth coating-substrate interfaces.   

While the proposed compression hardening mechanism provides good agreement with the experimentally 

measured data in respect to an increased effective mode II strength for rough coating-substrate interfaces, 

it is recognised that additional mechanisms may be involved. For example, it is possible that the chemical 

structure of the CaP/AZ31 might not be identical for the three coating/roughness interfaces. As the sets of 

three substrates of each type were prepared using the same SiC grit size paper and IPA rinsing protocol, 

such disparities are less likely. Alternatively, intermixing of film and AZ31substrate constituents could 

occur during the energetic sputter deposition process resulting in the stronger interface bond strength and 

increased shear strength observed. Such intermixing has been observed previously for magnetron sputtered 

CaP film on Ti alloy [69] and CaP on PEEK [70] substrates. Generally, intermixing occurs through two 

mechanisms, via direct ion implantation, unlikely for magnetron sputtering where the ion energies are 

relatively low (< 20 eV) or via sputtering and redeposition of the substrate atoms. Generally, substrate 

roughness is believed to influence the local sputter and redeposition rates and this has been studied by 
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comparing experimentally measured effective sputter rates for flat solid samples and more rough 

compressed powder disks [71,72]. It was found that both the effective sputter rate and the amount of 

redeposited material was larger for the compressed powder disks, i.e., the rougher surface. A numerical 

simulation of a rough surface morphology represented by a periodic structure [73] also shows that the 

sputtering yield increases with the feature size and hence with the surface roughness. In the present case, it 

is possible that, for the rougher substrates, increased sputtering and redeposition of Mg species may result 

in more efficient intermixing thereby increasing the shear load to failure conditions. However, further 

evidence for these effects is beyond the scope of the current study and will be addressed in subsequent 

work. 

7 Conclusion 

Double lap shear testing of CaP coated magnesium alloys has shown that there is a relationship between 

alloy roughness and shear strength. Rough substrates require the highest load to cause failure. Coating 

thickness does not exhibit the same trend, with no significant difference seen between 0.37, 0.83 and 1.34 

µm coating thicknesses. Macro-scale finite element models of lap-shear tests allowed for calibration of 

effective interface shear strength as a function of coating thickness and coating roughness using a cohesive 

zone model of interface failure. Micro-scale finite element models were constructed using experimental 

profilometry measurements to gain insight into the relationship between coating roughness and effective 

shear strength. Such micro-scale analyses suggest that the presence of large asperities in rough coatings 

lead to localised regions of interface compression, which in turn result in localised shear hardening of the 

interface. This results in higher effective shear strengths for rough coatings, as observed experimentally.  
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