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A B S T R A C T   

A coating layer is often present on engineering surfaces. An example is a zinc coating on steel sheet, this being a 
soft metallic coating on a hard substrate. To characterize the tribological behaviour of these engineered surfaces, 
it is necessary to understand the mechanical behaviour of the coating during ploughing. The material point 
method (MPM)-based ploughing model has been used to compute friction and the ploughed profile when an 
asperity is ploughing through a coated surface. An analytical ploughing model has also been used to study the 
effect of the thickness and hardness of the coating relative to the substrate on coefficient of friction using rigid- 
plastic material behaviour and its results have been compared with the MPM-model results. The MPM-based 
ploughing model has been experimentally validated and is shown to agree well with the ploughing experi-
ments using rigid spherical indenters sliding through lubricated-zinc coated steel, uncoated steel and bulk zinc 
over a range of applied loads.   

1. Introduction 

Zinc coatings are often applied on steel sheets in a molten zinc bath 
using continuous hot-dip galvanizing to improve their corrosion resis-
tance and paintability. The presence of a zinc coating also affects the 
friction and wear behaviour of the galvanized sheets which are further 
used in deep-drawing, stamping and other forming processes [1–3]. 
Both the thickness and the hardness of the zinc coating are critical for 
the tribological performance of the galvanized products [1]. In the 
production process, the thickness of the zinc coating is controlled by 
using air knives to remove the excess of zinc from the sheets drawn out 
from the zinc bath [4], while the hardness of the galvanized sheets is 
varied by alloying the zinc bath with various elements or by annealing 
the galvanized sheets [5]. 

During the loading and sliding of the forming tools and galvanized 
sheets against each other, the harder tool surface flattens the asperities 
of the softer sheet surface, while the hard tool asperities plough through 
the flattened sheet surface [6]. The friction force is therefore due to the 
plastic deformation of the substrate as well as the shearing of the 
interface [7]. The thickness of the coating and the hardness of the 

coating relative to the substrate determines the friction and wear 
mechanisms in a coated system [8]. Furthermore, soft metallic coatings 
have large scale localised plastic deformation resulting in coating frac-
ture and abrasive wear, these phenomena studied using scratch testing 
at [9,10]. Hence, numerical ploughing models are critical in computing 
and understanding friction and wear. 

The effect of the properties of the substrate and the coating on the 
plastic deformation in coated systems have been studied by modelling 
both indentation and scratching using finite element (FE) models [8,11]. 
The effect of the ratio of the yield strength of the coating relative to the 
substrate, on the plastic deformation in the coating has been studied by 
indenting at different penetration depths [11]. The critical depth, 
defined as the penetration depth below which the substrate had negli-
gible effect on the deformation in the coating, was shown to decrease 
with the increase in coating-substrate yield strength ratio and size of the 
indenter tip [11]. For a coating-substrate yield strength ratio less than 
0.1-0.2, the measured critical depth was 0.3 times the coating thickness 
[11,12]. Harder substrates promote initiation and propagation of plastic 
deformation in the coating with increased pile-up of the coating material 
around the indenter [11]. The critical penetration depth was given as a 
function of the ratios of yield strength and stiffness of the coating and the 
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substrate in Ref. [13]. Experimental studies on the effect of coating 
thickness in single and multi-layer metallic coatings have been done in 
combination with FE-based indentation models in Refs. [14–16]. The 
contribution of coating and substrate to ploughing and shear compo-
nents of friction were also studied experimentally in Ref. [17] while 
considering elastic recovery in hard coatings on steel. Experimentally 
validated theories have shown the effect of coating thickness, surface 
roughness and material properties of the coating and the substrate on 
friction and wear due to shearing in soft thin coating in Refs. [18–21]. 

Although FE models for different coated systems have provided a 
good overview of the deformation response of coatings to indentation, 
numerical ploughing models are required to understand the dynamic 
deformation response of coating subjected to ploughing by an asperity. 
Typically scratch models and experiments are used to study the coating- 
substrate adhesion and coating damage mechanisms [9]. The scratch 
behaviour in both hard and soft polymeric coatings has been studied 
using FE models [22], where the principal stresses along the wear track 
have been analysed to explain the failure and damage in the coatings. 
The effects of coating thickness and hardness on deformation and 
damage have been studied by FE models for scratching in multilayer 
polymeric coatings [23]. The stresses, strains, damage and friction has 
been modelled for spherical indenters sliding through hard coated sur-
face using FE models in Ref. [24]. Similarly, critical loads, friction, 
deformation and damage in coatings and coating-substrate adhesion are 
also studied for both hard and soft coatings using FE models in Refs. [25, 
26]. Typically, a linear-elastic material model is used for hard coatings 
while elastic-plastic material model is used for soft coatings in these FE 
models. The FE models use adaptive re-meshing techniques to avoid 
element distortion in modelling large scale plastic deformation which 
makes these models inefficient. Moreover, constant (Coulomb’s law) 
coefficient of friction is used in the simulation for the shearing of the 
indenter-coating interface [25,26]. 

Recently, particle-based, molecular dynamics (MD) models have 
been used to study nano-indentation and nano-scratch behaviour of 

multi-layered films [27,28]. The effect of indentation size and coating 
thickness on the indentation hardness [29] and the effect of indentation 
depth on adhesion and plastic deformation during loading and unload-
ing has been observed and explained using the slip systems and plastic 
energy in MD simulations of indentation [27]. MD simulation of 
scratching processes have been used to explain coating-asperity adhe-
sion, coating-substrate adhesion, plastic deformation, work-hardening, 
pile-up, stick-slip and wear phenomenon in multi-layer films [28,30] 
at an atomistic scale. However, the correct choice of interatomic po-
tentials, scaling up and physical validation of results are challenging in 
MD models. 

In modelling of coated systems, it is critical to accurately charac-
terize the material and contact behaviour of the coating. Typically, the 
hardness and the Young’s modulus of a thin coating is measured by 
nano-indentation considering the properties of the coating with respect 
to the substrate in Refs. [31–33]. Initial work to measure the effective 
hardness for single layered coatings was done by Ref. [34] for soft 
coatings and by Ref. [32] for hard coatings. The effect of indentation size 
and coating thickness was accounted for in estimating the intrinsic 
hardness of both hard and soft coated systems using theoretical and FE 
models and experiments in Ref. [35]. Furthermore, the Young’s modulus 
of thin films can be characterized by the approach given in Refs. [36,37]. 
Also, the shear strength of the asperity-coating interface needs to be 
characterized accurately to model friction during ploughing. In the 
presence of a boundary layer on the coated surface, e.g. aluminium and 
gold coating on glass [38,39], the interfacial shear strength is charac-
terized as a function of applied load [40]. 

The elastic and plastic properties of zinc coating on steel sheets have 
been characterized by tensile tests in Refs. [41,42] and by 
nano-indentation in Refs. [43–46]. However, there is still lack of suffi-
cient data on the material, contact and interfacial properties of galva-
nized steel sheets. Moreover, the numerical models available for coated 
systems have mostly studied either indentation or scratching behaviour 
for hard-metallic or polymeric coatings relevant to their damage and 

Nomenclature of symbols 

Axy Projected contact area in the xy plane 
Ayz Projected contact area in the yz plane 
C0 Proportionality constant for interfacial shear 
Cp Proportionality constant for contact pressure 
E Young modulus 
Fn Normal load/force on the indenter 
Hcs Effective hardness of the coated substrate 
Hc Hardness of the coating 
Hs Hardness of the substrate 
~H Relative hardness of coating, Hc=Hs 
I Identity matrix 
K Bulk Modulus 
Ppl Contact pressure due to plastic deformation 
P Mean nominal contact pressure 
Ra Mean surface roughness 
Rq Root mean squared surface roughness 
T0 Contact/ambient temperature 
V Volume of particle 
ρ Density of the material 
κ Shear strength of the substrate (bulk) 
κt Thermal conductivity 
τsh Shear strength of the interface 
τbl Shear strength of the boundary layer 
σy  Yield/flow stress 
σh Hydrostatic stress 

μ Coefficient of friction 
a Total contact radius 
c Related to the coating (subscript) 
dp Total ploughing depth 
dg Groove depth 
d Penetration depth 
f Ratio of interfacial to bulk shear strength 
hpu Pile up height 
k1 Fitting factor for effective hardness 
k0 Ratio of interfacial strength to hardness 
m Mass of particle 
nP Exponent of pressure 
nv Exponent of sliding velocity 
nT Exponent of temperature 
q Heat generated 
r Radius of the indenter/asperity 
s Related to substrate (subscript) 
t Thickness of the coating 
tc Coating thickness for transition in ploughing 
vi Sliding velocity of the indenter 
x Related to x axis (sub/superscript) 
y Related to y axis (sub/superscript) 
z Related to z axis (sub/superscript) 
cs Related to coated-substrate (subscript) 
pl Related to plastic deformation (subscript) 
sh Related to interfacial shear (subscript) 
М Volumetric change  
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failure mechanisms. The available FE and MD based numerical 
scratch/ploughing models for coated systems lack accurate experi-
mental validation of the ploughing friction. Also, specific numerical 
ploughing models for zinc coatings, in the galvanized steel sheets, are 
absent in the literature to the knowledge of the authors. 

Recently, the material point method (MPM) has been successfully 
used to model ploughing in steel for various loads and indenter sizes 
[47]. The MPM-based ploughing model combines features of both par-
ticle and mesh based numerical methods to measure friction and wear in 
lubricated steel sheets with experimental validation. Also the interfacial 
shear strength of lubricated zinc coating has been measured for a range 
of loads in Ref. [48]. The current research has focussed on extending the 
MPM-based ploughing model for lubricated, zinc coated steel sheets. A 
theoretical study on the effect of the coating thickness and hardness of 
the coating relative to the substrate on ploughing friction and ploughing 
depth has been done and compared with the MPM-based ploughing 
model for coated-systems with a rigid-plastic (negligible elastic recovery 
and work hardening) material behaviour. The size of the indenter, 
thickness of the zinc coating and applied load have been varied to study 
their effect on ploughing friction and wear. The MPM model results for 
zinc coated steel sheets are experimentally validated and compared with 
ploughing experiments of uncoated steel sheets and zinc blocks. The 
results have been explained using the available literature on charac-
terization of soft, thin coatings. 

2. Calculation of friction in ploughing of coated systems 

Before the MPM simulations of ploughing is discussed, an approxi-
mate analytical model has been developed to investigate the expected 
effect of parameters such as coating thickness and hardness on the 
frictional behaviour in ploughing of the coatings. The analytical model is 
based on the concept of load sharing in a coated system in contact with a 
rigid-counter face, given in Refs. [20,49], and [21]. Rigid-plastic ma-
terial behaviour is chosen for the coated system. The analytical model 
will consist of a contact model to compute the contact area between the 
asperity sliding through the coated substrate. Using the calculated 
contact area and the hardness of coating, substrate and coated system 
the ploughing friction will be calculated. As mentioned, the analytical 
model will be used to understand the factors contributing to ploughing 
friction and to compare and explain the results obtained from the nu-
merical (MPM) ploughing model and ploughing experiments on coated 
systems respectively. 

A rigid spherical indenter sliding through a rigid-plastic coated sys-
tem could result in two contacting conditions. In the first case, the 
spherical indenter is only in contact with the coating, i.e. the ploughing 
depth dp is less than the coating thickness t. In the second case, the 
spherical indenter is in contact with both the coating and the substrate, i. 
e. the ploughing depth is more than the coating thickness. 

The response to loading (indentation) of a coated system is deter-
mined from its effective hardness Hcs. The effective hardness of a coated 
system Hcs is given by combining the hardness of the substrate (Hs) and 
the hardness of the coating (Hc) typically by using a rule of mixtures. The 
hardness Hcs is obtained as a function of coating thickness t from the 
indentation response to a spherical indenter. For thin, soft coatings on 
hard substrates the effective hardness is given using equation (1) [50]. 
The value k1 ¼ 125 was obtained by experimentally fitting the inden-
tation response of spheres of various radii (r) on a coated substrate, 
where Hcs � Hc for values of t=r � 0:04 [50]. 

Hcs¼Hc þ ðHs � HcÞexp
�
� k1

t
r

�
(1)  

2.1. Calculation of contact area in ploughing of a coated substrate 

For a spherical indenter of radius r, ploughing through the coated 
substrate with ploughing depth less than or equal to the coating 

thickness (dp � t), the contact radius is taken as a. Considering the 
frontal half of the indenter in contact during ploughing through the 
coating in a rigid-plastic coated-substrate (see Fig. 1a), the horizontal 
projection Axy of the total contact area is determined. By dividing the 
applied load Fn by the mean contact pressure Ppl (due to plastic defor-
mation), the horizontal projection (in the ‘xy plane’) of the contact area 
Axy is obtained, see equation (2.1). For normal loading of a plastically 
deforming coated substrate, the contact pressure Ppl equals the effective 
indentation hardness Hcs of the coated system. The ploughing depth dp 

for a spherical indenter of radius r is obtained from its contact radius as 
given in equation (2.2). The (vertical) cross-sectional contact area Ayz 

for a spherical indenter ploughing in x direction is given as the area of 
the segment formed by the intersection of the contact plane on the in-
denter’s ‘mid yz-plane’ and is expressed in equation (2.3) [47] (see 
Fig. 1b). 

Axy¼
πa2

2
¼

Fn

Hcs
(2.1)  

dp ¼ r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � a2
p

(2.2)  

Ayz¼ r2atan
a

r � dp
� a
�
r � dp

�
(2.3) 

Fig. 1 shows the case of a rigid spherical indenter ploughing through 
both the coating and the substrate. So, dp > t. The total ploughing depth 
dp is given as the sum of ploughing depth in the substrate ds and 
ploughing depth in the coating dc. In this case dc ¼ t, as dp > t. The 
applied normal load Fn is now carried by both the coating and the 
substrate over the total contact area Axy ¼ Axys þ Axyc where Axys is the 
contact area of the substrate and Axyc is the contact area of the coating, 
(see Fig. 1c). It is assumed that the contact pressure generated in the 
coating equals the effective hardness of the coated system Hcs, while the 
contact pressure in the substrate equals hardness of the substrate Hs. The 
contact area of the coating with the indenter Axyc (the area of the annular 
semi-circle in Fig. 1c) is given in equation (3.1) in terms of the ploughing 
depth in the substrate ds, indenter radius r and coating thickness t (using 
equation (2.2) for dp ¼ dsþ t). By equating the applied load to the 
contact pressure in the contact area with the coating and the substrate 
and substituting expression of Axyc from equation (3.1), the expression of 
ds can be calculated by solving the resulting quadratic equation in 
equation (3.2), and choosing the one feasible solution of ds (the 
ds < rÞ:The horizontal and vertical projections of the contact area with 
the substrate Axyc and Ayzs , are given in equations (3.3) and (3.4) 
respectively. The total horizontal projection Ayz of the indenter with the 
coated substrate is now given by substituting dp ¼ ds þ t in equation 
(2.3). The vertical projection of the contact area of the indenter with the 
coating Ayzc is given as the difference between Ayz and Ayzs in equation 
(3.5) (see Fig. 1b). 

Axyc ¼Axy � Axys ¼ 0:5π
�
a2 � a2

s

�
¼ 0:5π

�
r2 �

�
r � dp

�2
�
�
r2 � ðr � dsÞ

2��

⇒Axyc ¼ 0:5πtð2ðr � dsÞ � tÞ
(3.1)  

HsAxys þHcsAxyc ¼Fn⇒0:5π
�
r2 � ðr � dsÞ

2�Hs¼Fn � 0:5πtð2ðr � dsÞ � tÞHcs

⇒0:5πHsd2
s þπðHcst � HsrÞdsþFn � 0:5πtð2r � tÞHcs ¼ 0

⇒ds¼ �
Bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AC
p

2A
8A¼ 0:5πHs; B¼ πðHcst � HsrÞ;

C¼Fn � 0:5πtð2r � tÞHcs (3.2)  

Axys ¼ 0:5π
�
r2 � ðr � dsÞ

2� (3.3)  

Ayzs ¼ r2 atan
�

as

r � ds

�

� asðr � dsÞ 8as ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � ðr � dsÞ
2

q

(3.4) 
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Ayzc ¼ Ayz � Ayzs 8Ayz ¼ r2 atan
�

a
r � ds � t

�

� aðr � ds � tÞ and a

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 � ðr � ds � tÞ2
q

(3.5) 

An algorithm to compute the projection of contact area of the 
indenter sliding through a coated substrate is shown in Fig. 2. The al-
gorithm accounts for both the cases of contact between the indenter and 
the coated substrate, i.e. indenter with the coating and the indenter with 
both the coating and the substrate. An initial prediction of the ploughing 
depth of the spherical indenter is made by equating the applied load 
with the effective indentation hardness Hcs. The ploughing depth is 
compared with the coating thickness to categorize the contact condition 
amongst the two cases described above. Following the set of equations 
2.1-2.3 and 3.1- 3.5 the algorithm computes the contact areas for each of 
the cases. 

2.2. Calculation of components of ploughing friction force 

The ploughing friction is calculated as the sum of the friction force 
due to plastic deformation of the ploughed specimen and the friction 
force due to shearing of the interface [7]. The friction force Ff acting on a 
spherical asperity ploughing through a specimen is given in equation 

(4.1). The friction force due to ploughing is given as the product of the 
contact pressure due to the plastic deformation of the substrate Ppl and 
the area of the ploughed cross section Ayz. The friction force due to 
shearing of the interface is given as the product of the interfacial shear 
strength τsh and the contact area between the indenter and the specimen 
at the surface Axy. The overall coefficient of friction μ is calculated using 
equation (4.2). 

Ff ¼Fpl þ Fsh ¼ PplAyz þ τshAxy (4.1)  

μ¼ Ff

Fn
¼ μpl þ μsh ¼

PplAyz þ τshAxy

Fn
(4.2)  

μpl ¼
Fpl

Fn
¼

HsAyzs þ HcAyzc

Fn
(4.3)  

μsh ¼
Fsh

Fn
¼

fsHsAxys þ fcHcAxyc

3
ffiffiffi
3
p

Fn
(4.4) 

In ploughing through a rigid-plastic coated substrate, the stress 
acting on the ploughed cross section ppl are taken as the hardness of the 
coating Hc or hardness of the substrate Hs. The coefficient of friction due 
to plastic deformation of the coated system μpl is obtained using equation 
(4.3), where the friction force due to ploughing is shared by the vertical 
projected areas of the coating Ayzc and the substrate Ayzs. The shear 
stresses at the indenter-coating contact and the indenter-substrate con-
tact are taken as fractions (f), fc and fs of the maximum shear strength of 
the coating τshc and the substrate τshs respectively. Typically for very 
clean surfaces, f ¼ 1: For a rigid-plastic material, its shear strength τsh is 
given as a factor 1=k0 of its hardness H. Typically for metals k0 ¼ 3√3 
[10,51]. The interfacial friction due to shearing of the substrate and the 
coating is given by fsτshs and fcτshc respectively distributed over the 
horizontal projected areas Axys and Axyc respectively. The coefficient of 
friction due to shearing of the interface μsh in a coated system is given in 
equation (4.4). If dp < t, the coefficient of friction is given by 
substituting Ayzs ¼ 0 and Axys ¼ 0 in equations (4.3) and (4.4) respec-
tively. The variations in μpl, μsh and μ with coating thickness tfor a soft 
and a hard coating and with relative coating hardness (hardness ratio) 
~H ¼ Hc=Hs are illustrated in Fig. 3a, 3b and 3c respectively. 

The shearing of the contact interface (on the vertical plane in the yz 
plane) also results in a component for force Fz

sh along the loading z di-
rection. Hence the shear stress is carried by vertical contact areas of the 
substrate Ayzs and the coating Ayzc . In ploughing using an applied load of 
Fn in –z direction, Fz

sh acts on the indenter in the z direction. The ratio of 
Fz

sh and Fn is given for a coated system as a factor of μz
pl in equation (5.1). 

The total normal load F’
n acting on the indenter in z direction is now 

corrected by adding the force due to shear stress Fz
sh to applied load Fn. 

The contact area deformation and hence the ploughing depth of the 

Fig. 1. (a) Schematic of a spherical indenter of radius r ploughing through a rigid-plastic coated substrate, with coating thickness t, coating hardness Hc, substrate 
hardness Hs. (b) The frontal projection of the contact area of the indenter showing total ploughing depth dp, ploughing depth into the substrate ds. (c) The horizontal 
projection of the contact area showing total contact radius a and contact radius with the substrate as. (Coating in grey and substrate in white). 

Fig. 2. Algorithm to calculate the projected contact areas in the horizontal xy 
plane Ash and vertical xz plane Apl for a rigid-sphere ploughing through a rigid 
plastic coated system in x direction. 
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coated system is corrected using the load Fn in equation (2.1)–(2.3) and 
equation (3.1)–(3.5) [52]. Also the friction forces are computed with the 
new contact areas in equation (4.1)–(4.4). 

μz
sh ¼

Fz
sh

Fn
¼

τsAyzs þ τcAyzc

Fn
¼

1
k0

μpl (5.1)  

F’
n¼Fn � Fz

sh¼Fn

�

1þ
1
k0

�

μpl (5.2) 

The ploughing depths calculated using equations (2.2) and (3.2) is 
plotted in Fig. 4a and 4b as a function of the coating thickness for a hard 
coating and a soft coating and as a function of coating hardness with and 
without including the including the shear force Fz

sh in the z direction 
respectively. It can be seen from Fig. 4b, that μz

sh has a small contribution 
on the ploughing depth. The results obtained from the analytical model 
will be discussed further in comparison with the numerical MPM- 
ploughing model and ploughing experiments in section 4.1 and sec-
tion 4.2 respectively. As the results shown in Figs. 3a and 4a are 
calculated over a large range of coating thickness t, the value of the 
fitting factor k1 is varied (from 125 to 12.5) to avoid scaling effects and 
obtain smoother results. 

3. Experimental and computational method 

The current section describes the set-up used to perform the 
ploughing experiments and the MPM-based ploughing simulation. The 
parameters of the material models and the interfacial friction models 
used in the ploughing simulations are also plotted and listed in this 
section. 

3.1. Experimental method 

The preparation of both the zinc block and the zinc coated specimen 
for the ploughing experiments is explained below. Also the ploughing 
experimental set-up is described. 

3.1.1. Preparation of specimen 
The zinc coated steel sheets are prepared by hot dip galvanizing 210 

mm long and 300 mm wide rectangular sheets in molten zinc bath. The 
surface of the (unrolled) zinc coating is characterized by dendritic 
growth and spangles (snowflake) formed during solidification of the 
molten zinc on surface of the steel sheet after hot dip galvanization as 
shown in Fig. 5a [53]. The surface roughness Ra of the galvanized sheets 
is measured to be 0.5 μm. The mean thickness of the zinc coating is 
maintained within 20–55 μm by blowing off the excess zinc melt from 
the sheet using air knives. The thickness of the zinc coating on the steel is 
measured using the magnetic induction probe of Fisher’s FMP 40 
Dualscope. 

Mirror polishing of rough galvanized steel sheets is done by hot 
mounting circular galvanized sheets of 46 mm diameter on 50 mm 
diameter bakelite disc. Polishing is done using an automatic polishing 
machine. The galvanized sheets were polished using a diamond sus-
pension with 9 μm particle size at 30 N load, 150 rpm for 90 s. The fine 
polishing of the sheets was done using a (water-less) alcohol-based 
yellow lubricant, as the softness of zinc and its reaction with water 
can leave the coatings discoloured and with scratches. Firstly, the zinc 
coated surface was polished with a poly-crystalline diamond slurry 
suspension of 3 μm particle size at 25 N load, 150 rpm for 90 s. Then a 
diamond slurry suspension of 1 μm particle size was used at 20 N load, 
150 rpm for 90 s. Finally, the sheets were polished using de- 
agglomerated gamma alumina powder of 0.05 μm particle size mixed 
with ethanol denatured with iso-propyl alcohol at 15 N and 150 rpm for 
60 s. The polished sheet is shown in Fig. 6a where the grain boundaries 
can be clearly seen. The resulting mean surface roughness was 0.05 μm 
as shown in Fig. 6b. The resulting mean coating thickness of polished 
specimens was measured to be 15 μm. Zinc coated specimens with 
coating thickness of 10 μm were also obtained by increasing the pol-
ishing time and/or the applied load. To obtain zinc coated steel spec-
imen with high coating thickness, given zinc coated steel sheets with 
coating thicknesses of 30, 40 and 55 μm were left unpolished to prevent 
any reduction in coating thickness. 

For reducing the coating thickness, the duration and loads in the 
polishing steps were increased. Zinc coated specimens were also pol-
ished up to 10 and 15 μm coating thickness. Zinc coated samples with a 
mean coating thickness of 40 and 55 μm in an unpolished state were also 
used in the ploughing experiments as specimens high coating thickness. 
To simulate a very high zinc coating thickness, a zinc block was used. 
The rectangular zinc block was also mounted and polished to obtain a 
mean surface roughness of 0.05 μm as shown in Fig. 7. 

3.1.2. Experimental set-up 
The ploughing experiments on zinc coated DX56 steel sheet and zinc 

block lubricated with Quaker FERROCOAT N6130 lubricant were done 
using the linear friction tester, shown in Fig. 8, with 3 repetitions. The 
linear friction tester consists of an XY linear positioning stage driven 
separately by actuators as shown in Fig. 8c. A horizontal beam supports 
the loading tip and moves the Z-stage using a linear and piezo actuator 
for coarse and fine displacement respectively while applying a normal 

Fig. 3. Coefficient of friction due to ploughing of rigid-plastic coated substrate 
by 1 mm diameter indenter at Fn ¼ 5N as a function of (a) coating thickness for 
a soft coating (~H ¼ 0:5; Hs ¼ 900 MPaÞ and (b) hard coating 
(~H¼ 2; Hs ¼ 450 MPaÞ (k1 ¼ 12:5). (c) Effect of relative coating hardness ~H 
(Hs ¼ 450MPaÞ on ploughing coefficient of friction for coating thickness t ¼ 4 
μm and (d) t ¼ 16 μm. 

Fig. 4. Ploughing depth of rigid-plastic coated substrate by 1 mm diameter 
indenter at Fn ¼ 5  N as a function of the (a) coating thickness t for a soft 
coating (~H ¼ 0:5; Hs ¼ 900MPaÞ and hard coating (~H ¼ 2; Hs ¼ 450MPaÞ
(k1 ¼ 12:5) and (b) relative coating hardness ~H(Hs ¼ 450MPa; t ¼ 4  μmÞ
with and without correction of Fn using μz

sh. 
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load. The normal load is applied using a force controlled piezo actuator, 
connected by PID control loop feedback system, so the system can 
operate load-controlled. The friction forces are measured by a piezo 

sensor along the loading tip as shown in Fig. 8b. Spherical balls of 1 mm 
and 3 mm diameter were mounted on the pin holder as shown in Fig. 8d. 
In the experiments, the sliding distance was 10 mm and the sliding 

Fig. 5. Surface of mounted (zinc coated) galvanized sheet before polishing, (a) as seen under confocal microscope at 20x magnification with its (b) surface height 
profile, Ra ¼ 0:61μm and Rq ¼ 0:76μm. 

Fig. 6. Surface of mounted (zinc coated) polished galvanized sheet, (a) as seen under a confocal microscope at 20x magnification with its (b) surface height profile, 
Ra ¼ 0:08  μm and Rq ¼ 0:11μm. 

Fig. 7. Surface of mounted polished zinc block, (a) as seen under confocal microscope at 20x magnification with its (b) surface height profile, Ra ¼ 0:07μm and 
Rq ¼ 0:10μm. 

Fig. 8. (a) Linear friction tester for ploughing experiments with schematic of (b) A: loading set-up (c) B: sliding set up and (d) the indenter/pin with 3 mm diameter 
spherical tip. 
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velocity was set equal to 1 mm/s. 

3.2. Computational method 

The material point method (MPM), a particle-in-cell based modelling 
tool, has been used to simulate ploughing. The MPM-based ploughing 
model has been introduced and implemented successfully for ploughing 
of a steel sheet in Ref. [47]. In that paper, the model-set up, the material 
model and the interfacial friction model used in the MPM-based 
ploughing simulations have been elaborated. The governing equations 
used in material point method used in Ref. [47] has been further elab-
orated in Ref. [59]. Further, the parameters for the material model and 
the interfacial friction model have been listed using the data from tensile 
and compression tests, obtained from the supplier, the literature on bulk 
zinc and zinc coatings [44,45,54] and the experiments done for inter-
facial shear characterization in Ref. [48]. 

3.2.1. Model set-up 
The MPM-based ploughing model results are obtained by extrapo-

lating and converging the results for decreasing particle/element sizes 
towards 0 μm size, where the size of the particles in coated-substrate is 
varied from 2.5, 5–10 μm and the size of the triangles in the indenter is 
varied from 5,10 and 20 μm. Indenters of radii 200, 500–1500 μm are 
used for analytical and experimental validation. The coating thickness is 
varied from 10-55 μm, comparable to the measured coating thickness of 
the zinc coated specimen. The particles in the coated-substrate are 
grouped in the half cylindrical domain of radius 200 μm and length 1 
mm. A scratch length of 600 μm is made using a spherical indenter. Mass 
scaling is used to vary the time step in the system. The values of mass 
scaling factor ms and sliding velocity of the indenter vi are varied within 
certain ranges resulting in stable computations while not affecting the 
model results. Further vi ¼  0:1m/s and ms ¼ 106 are chosen to obtain 
fast and stable computations. Table 1 list the MPM model set-up pa-
rameters. Fig. 9 shows the MPM-ploughing model set-up. 

The material model computes the total stress as a sum of the hy-
drostatic stress and the deviatoric stress. The hydrostatic stress is 
computed using a linear equation of state as given in equation (6.1). The 
bulk modulus K is obtained from the Young’s modulus E and the Pois-
sons ratio ν while the hydrostatic strain is obtained from the volumetric 
change М and identity matrix I. The deviatoric stress is obtained by 
updating the flow stress using a radial return plasticity algorithm [47]. 
Assuming, adiabatic conditions, the heat generated Δq due to plastic 
deformation results in a temperature change ΔT which is calculated in 
equation (6.2) using the specific heat capacity cp and the mass of the 
particle m ¼ ρV (material density ρ and cell volume V). The heat transfer 
is calculated using thermal conductivity κt. The parameters for heat 
transfer in zinc and steel are listed in Tables 3 and 4. 

σh¼KМI;where K ¼
E

3ð1 � 2νÞ (6.1)  

Table 1 
MPM ploughing model parameters.  

Parameters Symbol Values/expression 
Rigid spherical indenter radii Ri  0.2, 0.5 and 1.5 mm 
Semi-cylindrical substrate radius Rs  0.2 mm 
Sliding distance of indenter l  0.6 mm 
Semi-cylindrical substrate length ls  1 mm 
Coating thickness t  15 and 30 μm 
MPM particle cell size rp  2.5, 5 and 10 μm 
Indenter’s mesh element size rt  5, 10 and 20 μm 
Sliding velocity of indenter vi  0.1 mm/s 
Mass scaling factor ms  106   

Fig. 9. MPM simulation of an spherical indenter (asperity) with radius 0.2 mm 
ploughing through a coated-substrate along sliding x-direction. 

Table 2 
Material parameters for rigid-plastic material.  

Parameters Symbol Value/expression 
Elastic modulus of the substrate Es  210 GPa 
Poisson’s ratio (coating and substrate) ν  0.3 
Elastic modulus of the coating Ec  80 GPa 
Reference hardness of the coating H0c  225/450 MPa 
Reference hardness of the substrate H0s  450/900 MPa 
Reference coating thickness t0  25 μm 
Relative hardness of coating ~H  0:1 � 10  

Coating thickness t  0 � 200μm  
Interfacial shear stress τsh  H=3√3   

Table 3 
Parameters for DX56 steel substrate [47].  

Parameters Symbols Value 
Heat transfer 

Material density ρ  7850 kg/m3 

Specific heat capacity cp  502 J/(kg K) 
Thermal conductivity κt  50 W/(m K) 

Equation of state 

Young’s modulus E  210 GPa 
Poisson’s ratio ν  0.3 

Material model 

Initial static stress σf0  82.988 MPa 
Stress increment parameter dσm  279.436 MPa 
Linear hardening parameter β  0.482 
Remobilization parameter ω  6.690 
Strain hardening exponent c  0.5 
Initial strain ε0  0.005 
Initial strain rate _ε0  108 s� 1  

Maximum dynamic stress σv0  1000 MPa 
Dynamic stress power m  3.182 
Activation energy ΔG0  0.8 
Boltzmann’s constant k  8.617� 10� 5 eV   
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ΔT ¼
Δq
mcp

(6.2) 

The flow stress σy is taken as constant for a rigid-plastic material. In 
the model, the flow stress is computed for materials using physically 
based material models. The isothermal Bergstr€om van Liempt hardening 
relation [55], modified by Vegter for sheet metal forming processes 
[56], is used for the DX56 steel substrate where the flow stress σBL

y is 
decomposed into a static-strain hardening stress σwh and dynamic stress 
σdyn. It takes into account the strain ε, strain-rate _ε and thermal (tem-
perature) T effects as shown in equation (7.1). The Bergstr€om van 
Liempt material model (equation (7.1)) parameters for the DX56 steel 
sheet are listed in Table 3 [47]. The Johnson-Cook material model is 
used for modelling the flow stress σJC

y of the bulk zinc specimen [57] as 
shown in equation (7.2) where ε is strain, _ε is strain-rate and T is tem-
perature. The flow stress σS

y for the zinc coating is computed from the 
initial yield stress σy0 using the material model in equation (7.3). The 
model is taken from Refs. [43,44], and has similarities with the Swift 
strain hardening law [58]. Table 4 lists the material model parameters 
for bulk zinc and zinc coating, given in equations (7.2) and (7.3). 

σBL
y ¼ σwh þ σdyn

¼ σf 0 þ dσmðβðεþ ε0Þ þ f1 � exp½ � ωðεþ ε0Þ�g
c
Þ þ σv0

�

1þ
kT

ΔG0
ln

_ε
_ε0

�m

(7.1)  

σJC
y ¼ðAþBεpÞ

�

1þC ln
_ε
_ε0

� �

1 �
�

T � T0

Tm � T0

�q�

(7.2)  

σS
y ¼ σy0

�

1þ
E

σy0
ε
�n

(7.3) 

The interfacial friction algorithm is used to calculate the friction 
force due to shearing of the interface as the product of the interfacial 
shear strength τbl and contact area Ac. For rigid-plastic materials, the 
interfacial shear strength can be given as a fraction fof the bulk shear 

strength κ in equation (8.1) (model parameters listed in Table 2 and used 
in section 4.1). The boundary-layer shear strength at the interface of the 
indenter and the metallic coating/substrate (lubricated) is given as a 
function of the nominal contact pressure P, sliding velocity vi and the 
contact temperature T0 in equation (8.2) [43], where, C0 is the pro-
portionality constant, np is the pressure exponent, nv is the velocity 
exponent and nT is the temperature exponent, obtained by fitting 
experimental data. For a constant vi and T0, a power-law relationship 
between τbl and P can be deduced in equation (8.3). This interfacial 
friction model is used in ploughing simulation of zinc coated steel in 
section 4.2 (model parameters are given in Table 5). 

τbl¼ f κ (8.1)  

τbl¼C0Pnp vnv
i exp �

nT

T0
(8.2)  

τbl¼CpPnp (8.3)  

3.2.2. Model parameters 
The material model parameters for bulk specimens of DX56 steel 

sheets are obtained by uniaxial tensile tests. Tensile tests are done at 
various strain rates and temperatures up to a true strain of 1. The 
resulting stress-strain curves are fitted with equation (7.3) to obtain the 
model parameters, listed in Table 3. The strain hardening parameters 
(A; B and p) of the zinc block are obtained by fitting the stress-strain 
data from the uniaxial compression tests perpendicular to the rolling 
plane with equation (7.2). The strain rate hardening and thermal soft-
ening parameters (C and q) are obtained by fitting the results from 
Kolsky bar experiments done on commercially pure zinc in Ref. [54] 
with equation (7.2). The material model parameters for the zinc coating 
on steel in Refs. [43,44] are obtained from the load–depth curves of 
nanoindention experiments measured on various zinc grains in 
Ref. [45]. The material parameters for bulk zinc and the zinc coating are 
listed in Table 4. 

The true stress-strain curves of the DX56 steel, bulk zinc and zinc 
coating are plotted in Fig. 10a [44,45]. The DX56 steel shows highest 
flow stress (hardness) compared to both the bulk zinc and zinc coating. 
The pure zinc block shows higher strain hardening, although low yield 
strength compared to the zinc coating. The interfacial friction model 
parameters for Quaker lubricated zinc coated steel sheet and uncoated 
steel sheet have been obtained by performing boundary layer shear 
experiments in a linear friction tester [48]. Likewise, the boundary layer 
shear stress of the Quaker lubricated steel sheet and Quaker lubricated 
zinc coated steel sheet are plotted as a function of the applied nominal 
pressure in Fig. 10b. The boundary layer shear strength results are used 
to calibrate the interfacial friction model given in equation (8.2). The 
model parameters obtained are listed in Table 5. The boundary layers at 
the interface of the zinc coating and the sliding pin have a lower shear 
strength compared to those formed at the interface of the DX56 steel 
sheet and the sliding pin. 

The material parameters, listed in Table 2 are for rigid-plastic ma-
terial behaviour. The relative hardness of the coating to the substrate 
~H ¼ Hc=Hs is varied from 0.1 to10 to study the effect of coating hardness 

Table 4 
Parameters for zinc [44,45,54].  

Parameters Symbols Value 
Heat transfer 

Material density ρ  7140 kg/m3 

Specific heat capacity cp  377 J/(kg K) 
Thermal conductivity κt  116 W/(m K) 

Equation of state (bulk) 

Young’s modulus E  108 GPa 
Poisson’s ratio ν  0.25 

Material model (bulk) 

Initial yield stress A  82.51 MPa 
Strain hardening exponent p  0.1786 
Strain hardening constant B  288.34 
Strain rate hardening constant C  0.0202 
Reference strain rate _ε0  1s� 1 

Thermal softening constant q  0.843 
Reference temperature T0  298 K 
Melting point temperature Tm  692.68 K 

Equation of state (coating) 

Young’s modulus E  80 GPa 
Poisson’s ratio ν  0.3 

Material model (coating) 

Initial yield stress σy0  85 MPa 
Strain hardening exponent n  0.14  

Table 5 
Interfacial friction model parameters [48].  

Parameters Symbols Value 

Quaker lubricated DX56 steel sheet 

Pressure constant Cp  1.34 
Pressure exponent np  0.88 

Quaker lubricated Zinc coated steel sheet 

Pressure constant Cp  0.32 
Pressure exponent np  0.95  
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on ploughing friction and ploughing depth. The coating thickness t is 
varied from 0 (uncoated substrate) to ∞ (bulk coating) to study the ef-
fect of coating thickness on ploughing friction and ploughing depth. To 
simulate rigid-plastic behaviour, hardness is taken as H ¼ 3σy [51] and 
shear strength of the bulk is taken as κ ¼ σy=√3 [10]. The interfacial 
friction factor is taken to be f ¼ 1 assuming a very clean surface. A high 
value of (maximum) interfacial shear in the analytical study can help 
highlight its effect on the overall ploughing friction. The interfacial 
friction model given in equation (8.3) is used to determine the interfacial 
shear strength. 

4. Results and discussion 

The coefficient of friction and ploughing depths obtained from the 
MPM-based ploughing simulations of the coated systems have been 
compared with those obtained from the analytical model in section 2. 
The coating thickness and relative material hardness has been varied to 
study their effect on friction and ploughing depths for rigid-plastic 
material behaviour. Ploughing experiments have been performed on 
bulk zinc and zinc coatings on a steel substrate over a range of coating 
thicknesses and applied loads using spherical indenters of two different 
sizes. The coefficient of friction and the ploughing depths obtained from 
the experiments are used to validate the results obtained from the MPM- 
based ploughing model and thereby to study the effects of applied load, 
indenter size, coating thickness and substrate material properties on the 
ploughing behaviour of (soft) coated system such as galvanized steel. 
The MPM results obtained for particle sizes of 5 and 10 μm are extrap-
olated to converge to infinitesimal particle sizes. 

4.1. Analytical validation of the MPM-based ploughing model 

In the following, the ploughing depths and the coefficient of friction 
obtained from the theory given in section 2 has been plotted and 
compared with those obtained from the ploughing simulations of rigid- 
plastic coated-substrates in section 4.1.1 and 4.1.2 respectively. The 
effects of relative hardness of the coating with respect to the substrate ~H 
and the coating thickness t on the coefficient of friction and the 
ploughing depths have been studied. The material parameters used in 
the MPM-simulations of the rigid-plastic coated-substrates to be 
compared with the analytical model in this section are listed in Table 2. 

The ploughing depth and coefficient of friction, are obtained for the 
ploughing simulations utilize a 0.4 mm diameter indenter at 3 N load. A 
coating thickness of t ¼ 25μm is taken in the first study where the 
relative hardness of the coating ~H is varied from 0.1 to 10 and the 
interfacial shear strength is varied for two different cases. In the first 
case, the interfacial shear strength of the coating τc and the substrate τs is 
kept constant at H0=k0 where H0 ¼ 450MPa and k0 ¼ 3√3. In the 
second case, the interfacial shear strength of the coating and the 

substrate is taken as per τ ¼ H=k0 where H ¼ Hs for the substrate and 
H ¼ Hc for the coating. In the second study, the coating thickness is 
varied from 0 μm for uncoated substrate to 200 μm for the coating 
material as bulk. The relative coating hardness is varied for two different 
cases. In first case, ~H ¼ 0:5 (Hc ¼ 450 MPa, Hs ¼ 900MPa) and in the 
second case, ~H ¼ 2(Hs ¼ 900 MPa, Hc ¼ 450MPa). 

4.1.1. Comparison of ploughing depth 
The total ploughing depth obtained from the ploughing simulations 

is compared with that obtained by the analytical model in Fig. 11 using 
equations (2.2) and (3.2) which calculate the ploughing depths with and 
without considering the interfacial friction force in the z direction. The 
ploughing depths obtained by the analytical model agree well for those 
obtained from the ploughing simulations for both studies. 

In the first study, where the relative hardness ~H is varied from 0.1 to 
10, the ploughing depths obtained using the analytical model and the 
MPM simulations decrease with ~H and are shown to agree for ~H � 0:5 in 
Fig. 11a. For low values of ~H (coating hardness), the ploughing depths 
obtained from the MPM model exceed those calculated by the analytical 
model. Also for low values of ~H, the indenter penetrates more into the 
coating and the simulated ploughing depths exceed the coating thick-
ness resulting in the wear of the coating material as shown in the cor-
responding MPM ploughing simulations in Fig. 12a. The coating 
material piles up in front of the indenter as layers and wears out which 
can be related to degradation mechanisms such as peeling and delami-
nation of thin soft coatings, as also shown in Ref. [22]. The results in 
Fig. 11a show that ploughing depth dp is not affected by the interfacial 
shear strength. 

In the second study, the total ploughing depths for a hard coating 
(~H ¼ 2) and for a soft coating (~H ¼ 0:5) are studied as a function of the 
coating thickness t as shown in Fig. 11b. The ploughing depths obtained 
from the MPM ploughing simulations agree well with those obtained 
from the analytical model. The ploughing depth for the soft coated 
system increases with coating thickness, as the effective hardness of the 
soft coated system decreases with the increase in coating thickness. 
Consequently, the ploughing depth for the hard coated system decreases 
with coating thickness as the effective hardness increases with the 
coating thickness (equation (1)). The slope of the ploughing depth plots 
changes at a coating thickness tc ¼ 5:75μm for the soft coating and tc ¼
4:3μm for the hard coating where dp ¼ t after which increase in t results 
in transition of the contact of the indenter from both the substrate and 
the coating to the coating only. So, the ploughing depths are calculated 
accurately by MPM for all cases. 

4.1.2. Comparison of coefficient of friction 
The overall coefficient of friction μ, obtained from the MPM 

ploughing simulations is also compared with the values obtained by the 

Fig. 10. Comparison of (a) the true flow stress-strain curves for DX56 steel sheet, zinc coated steel sheet and zinc block obtained by uniaxial compression test and (b) 
of the boundary layer shear stress against applied nominal pressure of DX56 steel sheet and zinc coated steel sheet lubricated with Quaker FERROCOAT N136 
lubricant [48]. 
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analytical model using equation (4.2) which combines μpl and μsh for a 
coated substrate. The results are shown to agree well in both the case 
studies depicted in Fig. 13. The mean coefficient of friction is calculated 
from the friction plots given in Fig. 12b. The steady increase in friction 
force can be seen over the sliding distance in Fig. 12b which corresponds 
to the piling up of material in front of the coating as shown in Fig. 12a. 

The calculated coefficient of friction plotted against ~Hfor a constant 
interfacial shear stress (Fig. 13a) shows a good agreement with the 
simulated coefficient of friction. The ploughing depth at ~H ¼ 0:46 cor-
responds to the coating thickness t ¼ 25μm as shown in Fig. 11a. Hence, 
at lower ~H and for dp > t, there is coating wear, resulting in the differ-
ence in friction computed by the MPM model and the analytical 

ploughing model. As τshc ¼ τshs is constant, and dp and consequently Apl 

and Ash decrease with ~H, thereby decreasing μpl and μsh. However in the 
case where τshc ¼ Hc=k0, μsh ¼ τshcAsh increases with as Hc(~H), in spite of 
the decrease in Apl and Ash. Therefore the simulated coefficient of fric-
tion increases with ~H is also shown in Fig. 3c, and agrees with the 
simulated coefficient of friction. 

The coefficient of friction has been plotted as a function of the 
coating thickness t for a hard coating (~H ¼ 2) and a soft coating (~H ¼
0:5) in Fig. 13b. The coefficient of friction obtained from the MPM 
simulations agrees well with the values obtained from the analytical 
model. For a low coating thickness, the indenter is in contact with both 
the coating and the substrate. In Fig. 13b, μ is shown to initially increase 

Fig. 11. Simulated ploughing of rigid-plastic coated substrate by 0.4 mm diameter ball at 3 N load. (a) Effect of relative coating hardness ~H(t ¼ 25 μmÞ on the total 
ploughing depth with a constant interfacial shear and with interfacial shear τ ¼ H=k0. (b) Effect of coating thickness on the total ploughing depth for a hard coating 
(~H¼ 2Þ and a soft coating (~H ¼ 0:5). (Marks: MPM model, Lines: Analytical model). CW: Coating wear/degradation. 

Fig. 12. Ploughing of a spherical indenter through a soft coating on a hard substrate (~H ¼ 0:25; t ¼ 25 μm) resulting in pile up, stacking and eventual peeling off of 
the coating. (b) The corresponding plot of components forces acting on the indenter. 

Fig. 13. Simulated ploughing of rigid-plastic coated substrate by 0.4 mm diameter ball at 3 N load. (a) Effect of relative coating hardness (t ¼ 25 μmÞ on the overall 
coefficient of friction with a constant interfacial shear and with interfacial shear τ ¼ H=k0. (b) Effect of coating thickness on the total ploughing depth for a hard 
coating (~H¼ 2Þ and a soft coating (~H ¼ 0:5). (r ¼ 200 μm; k1 ¼ 12:5Þ (Marks: MPM model, Lines: Analytical model). CW: Coating wear/degradation. 
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and then decrease with t for the hard coating. The initial increase in μ 
corresponds to the increase in contact area due to increase of the (hard) 
coating thickness which require more friction force to shear and plough. 
However once the indenter is in contact with the coating only (t > 7:8 
μmÞ, the coefficient of friction plot follows the ploughing depth plot, and 
decreases with increase in t for the hard coating. Therefore, with the 
same analogy, the coefficient of friction first decreases and then in-
creases (t > 6:5 μmÞ with coating thickness for a soft coating. The plots 
in Fig. 13b resembles the coefficient of friction versus thickness plots in 
Fig. 3a and 3b. A fitting factor of k1 ¼ 12:5 is used to calculate Hcs for 
r ¼ 0:2mm. It can be concluded that the MPM accurately predicts the 
coefficient of friction for ploughing in a coated substrate. 

4.2. Experimental validation of ploughing friction and depths 

The friction and ploughing depths are obtained from the MPM-based 
ploughing model over a range of applied loads (1–46 N) and indenter 
sizes of 1 mm and 3 mm. The coefficient of friction and ploughing depths 
were calculated for MPM particle sizes of 2.5, 5 and 10 μm and 
extrapolated to 0 μm to obtain a resolution independent result. The plots 
for the friction force and the ploughed profile obtained from the 
ploughing simulation are compared with those obtained from the 
ploughing experiments. The material parameters listed in Tables 3–5 are 
used in the MPM ploughing model in this section. So the actual material 
behaviour has been implemented. 

4.2.1. Comparison of ploughed profile 
The height profile of the ploughed surface in the sliding xy plane 

obtained from the ploughing experiments and the MPM simulations are 
shown in Fig. 14a and 14b respectively. The ploughed profiles are 
plotted over the cross-section (yz plane) in Fig. 14c. The MPM particles 
along the cross-section of the wear track (see Fig. 14d) were grouped and 
their positions at the end of the simulation were plotted in Fig. 14d. The 
cross-section of the ploughed profile obtained from both the ploughing 
experiments and the MPM simulations showed good agreement in 

Fig. 14c. The total ploughing depth dp is calculated as the sum of the 
groove depth dg and the pile-up height hpu in Fig. 14c. 

The total ploughing depths obtained from the ploughing experiments 
with uncoated steel sheet [47] and with zinc blocks, both lubricated by 
Quaker lubricant and ploughed by a 1 mm diameter ball, were compared 
with the corresponding simulated (MPM) ploughing depths and found to 
be in good agreement (see Fig. 15). The zinc block having a lower yield 
stress compared to the DX56 steel sheet (see Fig. 10a) resulted in a 
higher ploughing depth for all the loads. The ploughing depth for the 
zinc blocks also increased faster than that of the DX56 steel sheets due to 
the lower strain hardening of the zinc block at high loads compared to 
the DX56 steel sheet (see Fig. 10, Table 3 and Table 4). Having validated 
the ploughing depth for bulk zinc and steel, the numerically calculated 

Fig. 14. Surface profile of zinc coating on steel ploughed at 22 N load by 1 mm dia. sphere in (a) ploughing experiments as seen using confocal microscope at 20x 
magnification and from (b) MPM-simulations as seen using OVITO visualization tool. (c) Comparision of the ploughed cross-section obtained from MPM-simulation 
and experiments by 1 mm dia. ball at 22 N load. (d) Cross-section of the zinc coated specimen during ploughing. (MPM model parameters: Tables 3–5). 

Fig. 15. Comparison of the ploughing depths obtained from MPM model and 
ploughing experiments on Quaker lubricated zinc block and DX56 steel sheet by 
a 1 mm diameter ball [48]. (MPM model parameters: Tables 3–5). 
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ploughing depths will be also validated using zinc coated steel sheet. 
The total ploughing depth obtained from the ploughing experiments 

and simulations on the zinc coated steel sheet for a load range of 1–46 N 
were compared for spherical indenters of 1 mm and 3 mm diameters and 
found to agree well as shown in Fig. 16. It is obvious that the larger 3 mm 
diameter indenter penetrates less compared to the 1 mm indenter owing 
to its larger contact area to carry the applied load. 

Ploughing experiments and MPM simulations were also done for zinc 
coated steel sheets with a coating thickness ranging from 0-55 μm 
including the zinc block (bulk zinc). The ploughed profile of the zinc 
coated steel sheets was compared with the ploughed profile of the zinc 
block at the zinc surface and at 15 μm beneath the surface, see Fig. 17. 
For a zinc coated steel sheet with 15 μm coating thickness, the defor-
mation of the (surface of the steel substrate) bulk steel is significantly 
lower than the bulk zinc due to its higher hardness as shown in Fig. 17a 
and 17b. Also, the higher hardness of the steel substrate results in a 
lower ploughing depth at the surface of the zinc coating as compared to 
that of the zinc block as shown in Fig. 17a and 17b. 

The differences in the ploughing depths obtained from experiments 
with steel sheet, zinc coated steel sheet and the zinc block are sum-
marised over loads ranging from 1-46 N in Fig. 18a. As the thickness of 
the zinc coating is increased from 10 to 15, 30, 40 and 55 μm, the 
ploughing depths are also shown to increase for three different loads in 
Fig. 18b. The increase in ploughing depth with coating thickness is due 
to the decrease in the effective hardness for the soft zinc coated system 
with increase in coating thickness (see equation (1)). The rate of increase 
in ploughing depth with respect to the coating thickness increases with 
increase in the applied load. The MPM simulations have a larger increase 
in ploughing depth compared to that of the experiments with coating 
thickness above 20 μm, as shown in Fig. 18b. The lower penetration 
depths obtained from the ploughing experiments for large coating 
thickness (30, 40 and 55 μm) can be explained by the rougher surface of 
thicker (unpolished) zinc coatings which could result in higher surface 
hardness of the zinc coatings. Further the yield strength of the zinc 
coating used in the MPM simulations is measured by Nano-indentation 
for a coating thickness of 10 μm [45]. For higher coating thickness, 
the size and orientation of the zinc grains could have significant effect on 
the measured yield strength and hardness. The mechanical properties of 
the thicker zinc coatings are unknown in the current analysis to be used 
in the MPM model. 

4.2.2. Comparison of coefficient of friction 
The forces acting on the indenter were plotted over the sliding dis-

tance as obtained from the ploughing experiments and simulations in 
Fig. 19. The pin was slid over a distance of 0.6 mm in the MPM simu-
lations. The friction force Fx due to ploughing in x direction is divided by 
the normal force Fz to obtain the overall coefficient of friction μ. The 
average coefficient of friction was measured during steady state from 3 
mm to 9 mm sliding distance in the ploughing experiments and from 0.3 
mm to 0.6 mm sliding distance in MPM simulations. 

The coefficient of friction is obtained for the MPM ploughing simu-
lations on the zinc block and the DX56 steel substrate lubricated with 
Quaker oil by a 1 mm diameter ball is shown to be in good agreement 
over the load range of 1–46 N in Fig. 20. The coefficient of friction for 
ploughing of the zinc block is slightly higher than for the DX56 steel 
sheet at normal loads larger than 7 N. The higher coefficient of friction 
results from the larger plastic deformation of the bulk zinc during 
ploughing as can be seen from the higher ploughing depths for the bulk 
zinc in Fig. 15. However, in spite of a large difference in the ploughing 
depths between bulk zinc and steel sheet, resulting in a large component 
of coefficient of friction μpl, the difference in the overall coefficient of 
friction is minimized. This is due to the large contribution of the coef-
ficient of friction due to interfacial shear μsh to the overall μ [48], where 
the boundary layer shear strength τbl of lubricated zinc is also lower than 
that of the lubricated steel sheet (see Fig. 10b). The coefficient of friction 
at lower loads is higher for the ploughing experiments compared to the 
MPM simulation due to the possible asperity interlocking at low dp. 

The mean coefficient of friction obtained from both ploughing ex-
periments and MPM simulations was plotted over a range of loads (1–46 
N) for spherical indenters of 1 mm and 3 mm diameters sliding over zinc 
coated steel sheet in Fig. 21. The coefficient of friction obtained from the 
MPM ploughing model is very close to that obtained from the ploughing 
experiments. The coefficient of friction obtained for ploughing with 1 
mm diameter ball increases steadily with the applied load range of 1–46 
N. However, as the diameter of the indenter is increased to 3 mm, the 
coefficient of friction drops significantly compared to ploughing with 1 
mm ball. The increase in indenter size reduces the penetration of the 
indenter into the coating required to balance the applied load. The 
effective hardness of the coated system in response to penetration by an 
indenter with larger radius is also higher as can be deduced from 
equation (1) [50]. Furthermore, the increase in indenter size also in-
creases the relative contribution of interfacial shear strength to the co-
efficient of friction as shown in Ref. [48]. Consequently, the coefficient 
of friction due to interfacial shear reduces with increase in applied load. 
However, for large indenters although the coefficient of friction due to 
ploughing increases with load. The later counterbalances the decreasing 
coefficient of friction due to interfacial shear. This results in almost 
constant overall coefficient of friction over the range of applied loads. 

Effect of asperity size and load on ploughing friction by an experimentally fit 
analytical model. The effect of asperity size on ploughing friction is 
explained below using the analytical ploughing model and power law 
curve fitting of experimental data in equations (9.1)-(9.2) for their 
mathematical simplicity. The ploughing depth here is taken to be less 
than the coating thickness. The relationship between the ploughing 
depth and applied load for the 1 mm and 3 mm diameter indenters is 
obtained by power law fitting of Fig. 16. Taking dp ¼ a1Fx1

n , we have 
a1 ¼ 8:6� 10� 6, x1 ¼ 0:95 for 1 mm dia. ball and a1 ¼ 4:7� 10� 6, x1 ¼

0:85 for 3 mm dia. ball. By curve fitting the relationship between Ayz and 
the ploughing depth dp from equation 2.3 to a power law Ayz ¼ b1dy1

p , 
the coefficients b1 ¼ 1:51, y1 ¼ 0:96 and b1 ¼ 0:15, y1 ¼ 1:5 are ob-
tained for 1 mm and 3 mm dia. balls respectively. Assuming a constant 
hardness Hc ¼ 3σy0 where σy0 for zinc is taken 85 MPa [46], an 
analytical expression of μpl in given in terms of Fn in equation (9.1). By 
curve fitting the relationship between Axy a nd the ploughing depth dp 

from equation 2.2 to a power law Ayz ¼ c1dz1
p , the coefficients c1 ¼

Fig. 16. Ploughing depths for load controlled test carried out with indenters of 
diameter 1 mm and 3 mm on lubricated zinc coated steel sheet (zinc coating 
thickness of 15 μm) with the linear sliding friction tester and MPM-ploughing 
model that includes the material model parameters from Tables 3 and 4 and 
interfacial friction model parameters in Table 5. (MPM model parame-
ters: Tables 3–5). 
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0:0015, z1 ¼ 0:997 and c1 ¼ 0:0046, z1 ¼ 0:999 are obtained for 1 mm 
and 3 mm dia. balls respectively. Also, from equation (8.2), τbl ¼ CpP

np 

where, Cp ¼ 0:32, np ¼ 0:95 and P ¼ Fn=Axy (see Table 5). By 
substituting the power law relations, μsh is given as a function of applied 
load Fn in equation (9.2). The total coefficient of friction μ is taken as the 
sum of μsh and μpl. 

μpl ¼Hc
Ayz

Fn
¼

Hc

Fn
b1dy1

p ¼
Hc

Fn
b1
�
a1Fx1

n

�y1 (9.1)  

μsh ¼ τsh
Axy

Fn
¼Cp

�
Fn

Axy

�np�Axy

Fn

�

¼Cp

�c1dz1
p

Fn

�1� np

¼Cp
�
c1
�
a1Fx1

n

�z1 � 1�1� np

(9.2) 

The analytical coefficient of friction relations obtained by curve 

fitting are plotted in Fig. 22. A good agreement is shown for the 3 mm 
diameter indenter in Fig. 22b. The increase in μpl for the 3 mm ball is 
smaller than the 1 mm ball as expected from the lower plastic defor-
mation with the larger indenter. The analytical under predicts the co-
efficient of friction for 1 mm ball in Fig. 22a. Although a constant 
hardness is assumed, the increase in hardness due to strain hardening is 
ignored in the simple analysis shown in Fig. 22. In reality, the increase in 
hardness is higher for 1 mm ball where higher ploughing depths result in 
higher hardening and higher hardness. From the results in Fig. 22a, the 
analytical model can be used to predict ploughing friction given the 
experimental data on the ploughing depths in a substrate. 

The presence of zinc coating on the steel substrate results in a 
reduced coefficient of friction in ploughing as compared to both the zinc 
block and the steel substrate (see Fig. 23a). This is because the presence 

Fig. 17. Comparison of deformation in the ploughed specimen (ploughed cross-section profile) at the surface (blue) and the interface 15 μm depth (red) (a) in 
presence of 15 μm zinc coating on steel substrate and (b) with pure zinc block under 22 N load by 1 mm diameter indenter (MPM model parameters given: 
Tables 3–5). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 18. (a) Comparison of ploughing depths obtained from ploughing experiments by 1 mm indenter with Quaker lubricated DX56 steel sheet, 15 μm thick zinc 
coated steel sheet, and pure zinc block. (b) Effect of coating thickness on ploughing depth for applied loads of 11, 22 and 37 N obtained from ploughing experiments 
and compared with MPM simulations for 22 N load with 1 mm diameter ball. (MPM model parameters: Tables 3–5). 

Fig. 19. Forces acting on a 1 mm diameter spherical indenter ploughing in x direction on a lubricated, 15 μm thick, zinc coated steel sheet at 22 N normal load in (a) 
experiments and (b) MPM simulations. 
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of hard steel substrate underneath the zinc reduces the ploughing depth 
in the zinc (see Fig. 17) and hence μpl. Furthermore, the interfacial shear 
strength of Quaker lubricant on zinc coating is lower as compared to that 
on DX56 steel substrate as shown in Fig. 10b. As interfacial shear has a 

major contribution to the overall coefficient of friction for large in-
denters [48], the lower boundary layer shear strength of the zinc coating 
combined with its low plastic deformation during ploughing contribute 
to a lower coefficient of friction in the zinc coating compared to bulk 
zinc and steel. At low normal loads, both the bulk zinc and the zinc 
coating have higher coefficient of friction. This could be due to asperity 
interlocking and high interfacial shear strength (see Fig. 4a) for the 
rough zinc surface. 

The effect of coating thickness on the overall coefficient of friction 
for the soft zinc coating on the steel substrate is shown in Fig. 23b. The 
coefficient of friction was measured from ploughing experiments on zinc 
coatings with coating thickness of 10, 15, 30, 40 and 55 μm for 11, 22 
and 37 N loads and MPM simulations for the same coating thickness at 
22 N load. The coefficient of friction decreases with increase in coating 
thickness up to 15 μm and then increases with the coating thickness until 
the bulk zinc (infinite coating thickness). The change in coefficient of 
friction with zinc coating thickness resembles the theoretical relation 
between the coefficient of friction and the coating thickness for soft 
coatings shown in Fig. 4a. A higher coefficient of friction for thicker 
unpolished coatings, obtained with the MPM simulations could be 
explained due to the corresponding increase in simulated ploughing 
depths, as shown in Fig. 18b. 

5. Conclusion 

The coating thickness, substrate material properties and applied load 
have been varied to study their effect on the ploughing friction and 
ploughing depth. An analytical model is developed to predict the coef-
ficient of friction and wear track depth of a single asperity ploughing 
through a coated or uncoated substrate and also validated using the 
using the MPM based-ploughing model. The ploughing behaviour of a 
zinc coating on a steel substrate has been numerically modelled and 
validated to good agreement using the MPM-based ploughing model and 
ploughing experiments. The analytical model is calibrated relative to the 
experimental data and then used to explain the variation in coefficient of 
friction with applied load and indenter size in ploughing experiments. 
The analytical model is also able to predict the effect of the coating 
thickness and substrate hardness on the coefficient of friction and 
ploughing depth for various normal loads in the ploughing experiments. 
Therefore, it can be concluded that friction in ploughing of a coated 
system is a function of the material properties (flow/yield curve) of the 
coating and the substrate, the shear strength of the contacting interfaces 
and the coating thickness. 
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Fig. 20. Comparison of the coefficient of friction obtained from MPM model 
and ploughing experiments on Quaker lubricated zinc block and DX56 steel 
sheet by 1 mm diameter ball [47]. (MPM model parameters: Tables 3–5). 

Fig. 21. Coefficient of friction for load controlled tests carried out with in-
denters of diameter 1 mm and 3 mm on lubricated zinc coated steel sheet (zinc 
coating thickness of 15 μm) with the linear sliding friction tester and MPM- 
ploughing model that includes the material model parameters from Tables 3 
and 4 and interfacial friction model parameters in Table 5. (MPM model pa-
rameters: Tables 3–5). 

Fig. 22. Effect of asperity shape on ploughing coefficient of friction studied using analytical model and curve fitting for (a) 1 mm diameter indenter (b) 3 mm 
diameter indenter sliding on zinc coated steel. 
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