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A B S T R A C T

An indentation based method to characterize the yield locus for steel sheets is developed and implemented.
Knoop hardness based indentation experiments have been performed on the surface as well as on the cross
sections of an uncoated steel sheet to obtain the corresponding yield locus in the deviatoric and plane-stress
situation. Stress ratios following the indenter's geometry are used to plot the yield locus from indentation data.
The stress ratios have been corrected for the anisotropy of the material by an optimization algorithm. Points are
then plotted in the plane-stress plane using the corrected stress ratios, the strain increment vectors and in-
dentation hardness data. The parameters for the Hill's quadratic yield criteria are obtained from the indentation
data based on a curve fitted yield locus. The results obtained using nano-indentation have been compared with
those obtained from the standard characterization tests for steel sheet and shown to have good agreement. The
method is also applied to the yield locus characterization of zinc coatings on steel sheet for multi-scale modelling
of friction in deep drawing.

1. Introduction

The plastic deformation (yielding) in metals results from shear stress
which causes the formation and movement of dislocations at the slips
systems in the crystals. The deformation modes in most crystals are
directional resulting in anisotropic yielding of the metals on loading. In
sheet metal forming processes like deep-drawing, metallic sheets are
typically cold rolled a priori which induces a deformation texture in the
sheet [1]. The textures, i.e. preferred orientations of crystals along di-
rection of applied stress, are oriented along the rolling, transverse and
normal directions. Hence most sheet metals exhibit anisotropic yielding
which is described by a yield function and is represented by the cor-
responding yield surface in a three-dimensional principal stress space.

Of the available criteria, Hill's quadratic yield criterion has been
most commonly used to describe the anisotropic yielding in most metals
[2]. Further, the von Mises and Tresca yield criterions [3,4] for iso-
tropic materials have been generalized and given a non-quadratic
model defined in the principal stress space by Hosford in Ref. [5].
Likewise, an anisotropic extension of the Hosford model has been
proposed by Hill in Ref. [6]. The yield criterions have been typically
plotted as yield loci in the octahedral -plane with deviatoric stresses
along the axis. Since in sheet metal forming processes, the out-of-plane

stresses are neglected, the yield loci can also be plotted in the plane-
stress plane. Anisotropic yield criteria specific to sheet metals have also
been developed in the principal stress space in Refs. [7–9]. Among
them, the Vegter yield criterion [7,8] has been used to develop and
characterize the yield loci for sheet metals in the plane-stress plane.

The measurement of anisotropic yield parameters (Lankford coef-
ficients: R values) is typically done by uniaxial testing (tensile loading)
of sheet material with varying orientations relative to the rolling di-
rection. For planar isotropic materials the R values are obtained by bulk
loading methods such as pure shear, uniaxial tensile, plane strain ten-
sile or an equi-biaxial tensile test. Each of these experiments are com-
bined to measure the stress points on the plane-stress plane, between
which the Bezier curve has been used to describe the yield locus in-
dependent of R values, in the Vegter yield criteria [7,8,10]. Also virtual
field methods (VFM) have been used in combination with digital image
correlation of strain fields to obtain parameters for anisotropic yield
criteria [11]. However, VFM has been applied successfully for char-
acterizing only certain types of yield criteria mostly for uncoated sheet
metals [12]. Indentation based characterization techniques have also
been modelled and designed to estimate the anisotropic plastic prop-
erties [13–15] from measured results. Using the load-depth curve and
the pile-up height modelled utilizing spherical indenters, the yield
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stress ratio has been derived for planar isotropy [14,15]. FE models
involving indentation near free edge, free corner, interface of bonded
samples and linear and circular scratch tests have also been used to
characterize anisotropic yield parameters [13]. However, a rigorous
development of a measurement and characterization method based on
such indentation techniques is unavailable.

Among the pyramidal shaped indenters commonly used for hard-
ness measurements [16], the use of an asymmetric Knoop indenter [17]
with a rhombic base having diagonals of lengths in ratio 7: 1 has been
used to measure the anisotropy in plastic deformation of metals. The
dependence of the measured hardness on orientation of the long diag-
onal of the Knoop indenter relative to the crystal planes has been ob-
served and explained using the resolved shear stress of the slip systems
for hexagonal single crystal of WC, zinc and zircalloy-2 in Refs.
[18–20]. However, for larger indentations over multiple grains, a flow
surface theory relating the deviatoric shear stress to the indentation
hardness and the geometry of the Knoop indenter was first proposed by
Wheeler and Ireland [21]. By aligning the diagonals of the Knoop in-
denter along the principal axes of stress (axes of anisotropy), six in-
dentations were performed on zircalloy-2 specimens. The Knoop
hardness number (KHN) specific to each indentation was plotted in the
octahedral (deviatoric stress) plane by taking the ratio of the corre-
sponding deviatoric stress as equal to the ratio of the diagonal lengths
of the Knoop indenter, i.e. 7: 1. The yield locus was plotted using the
points on the plane and the strain ratios were compared with those
obtained from bulk tensile tests along the anisotropic axes to good
agreement.

This technique of characterizing the yield loci from KHN data of
anisotropic metals was modified by relating the hardness number to
plane-stress yield loci and implemented in Ref. [22] for two titanium
alloys. By relating the ratio of plastic strain underneath the indenter to
the ratio of its diagonal lengths and using constancy of volume of de-
formed substrate and the Lévy-Mises equations, the strain ratios could
be related to the stress ratios in the plane-stress plane. The yield loci
were plotted by equating the KHN with the equivalent stress for Hos-
ford yield criteria [22] and compared with the yield loci obtained by
tensile tests [23] at various strains to give the best agreement at 0.01
strain. The KHN-based yield loci of highly anisotropic single magne-
sium crystal, polycrystalline magnesium sheets and magnesium alloys
in plane-stress plane were also compared with conventional yield loci
for small strains in Ref. [24] but did not show good agreement. Won-
siewicz and Wilkening [24] also observed the insensitivity of the KHN-
based yield loci to capture the difference in compression and in tension
as well as the excessive bulk of the KHN-yield locus into plane-stress
plane's quadrants for the stress ratios computed using the techniques in
Ref. [22]. Hence, the R value was included in the calculation of the
stress ratios from the strain ratios in Ref. [24]. Using the initial methods
to plot a yield locus from KHN [21,22,24], the yield loci of pure
polycrystalline titanium [25], titanium alloys [26] and zircalloys
[27,28] have been determined.

Although the yield loci plotted from the indentation hardness seems
convenient for bulk polycrystalline metals and alloys as has been dis-
cussed above, micro-hardness indentation of a coating along the ani-
sotropic axes (surface and cross-section) is challenging. Hence, attempts
to utilize depth-sensing Nano indentation techniques with a Knoop in-
denter are made in Refs. [29,30]. The hardness of the indent is mea-
sured from the maximum penetration depth in the load-depth curve or
the long diagonal lengths. However, compared to the standard Berko-
vich tip, the elastic recovery along the shorter diagonal of the residual
impression by the Knoop indenter is accounted for. In order to express
the elastic modulus, the ratio of the short and the long diagonals of the
residual impression by the Knoop indenter is used [30]. Knoops in-
dentation has also been analysed by modelling the indentation response
of substrate with elastic and elastoplastic material behaviour without
[31] and with strain hardening effects [32]. Numerical simulation of
the depth-sensing indentation tests with a Knoop indenter on substrates

with various hardening and material properties were also done recently
using 3D finite element models to measure the area function, hardness
and the elastic modulus [33,34]. Knoop indentations have been also
performed on ductile metals and brittle ceramics and the results have
been compared to other pyramidal shaped indenters (Berkovich and
Vickers) [35,36]. The slip anisotropy has been determined from the
indentation anisotropy by Knoop nano-indentation of SiC–6H single
crystals [37].

The available research to measure the yield criteria for anisotropic
material has mostly focussed on bulk metals and alloys and not on
surfaces and coatings. Thus far, experimental techniques to characterize
the parameters for yield criteria or yield locus for coated systems have
not been investigated. Moreover, zinc coatings applied on steel sheets
used in deep-drawing have a high degree of anisotropy [38,39] due to
orientation of the zinc grains during the prior galvanization and temper
rolling processes. However, the yield criterion for zinc layer in galva-
nized steel sheets is unavailable in the literature. Among the available
characterization techniques for coating, nano-indentation using depth
sensing indentation has been mostly focussed upon [40]. Nano-in-
dentation of zinc coating has been done to quantify the elastic aniso-
tropy by measuring the elastic modulus and hardness for various grain
orientations in Ref. [41]. Furthermore, yield loci have been plotted for
various anisotropic materials using Knoop indentation [42] and have
shown fair agreement with conventional yield loci.

Knoop indenter has not been used in Nano-indentation to plot ob-
tain the yield locus of zinc coating on steel sheet so far. With the current
advances in technology, modelling and analysis of Nano-indentation
using the Knoop indenters, the Knoop indentation of both the surface
and cross-section of zinc coating on steel substrate has been performed
in the current research. A methodology to determine the parameters for
Hill ’48 yield criteria [32] from Knoop hardness number is designed.
The current method accounts for the anisotropic behaviour of the
coating by measuring the stress ratios induced by asymmetric Knoop
indenter. The yield parameters are compared with those obtained by
standard tests for a cold-rolled DC04 steel sheet, thereby validating the
methodology. The same method is then implemented for measuring the
yield parameters for the zinc coating in the temper-rolled, galvanized
steel sheets as modelled by the Hill ’48 yield criterion.

1.1. Calculation of yield parameters from KHN

A systematic procedure to derive the yield criteria for the zinc
coating through indentation hardness data has been laid out in this
section. Hill's quadratic yield function [2] is chosen for its ability of
being expressed in matrix vector product form and hence the ease of
implementation in numerical codes. Hills yield parameters have been
related to the Lankford coefficients. Accounting for the anisotropy, the
stress ratios in plane-stress condition have been expressed in terms of
the Lankford coefficients and the strain ratio corresponding to each
(six) Knoop indentation as explained in Ref. [21].

Some of the key assumptions as obtained from the literature and
used in the method described below to obtain the yield parameters
using Knoop indentation hardness are as follows:

1. The Knoop hardness number KHN in kgf mm/ 2 is approximated to be
equal to the equivalent flow stress, i.e. KHN is taken proportional to
the shearing stress on the octahedral plane and (uniaxial) yield
strength in plane stress [22,43].

2. The ratio of the deviatoric strain along the long and short diagonals
of the Knoop indenter is assumed to be 1/7 [21].

3. The loading (strain) path of the Knoop indentation resulting in the
intersection of the KHN based stress points with the yield locus is
assumed to be linear [21,22].

4. The contact between the Knoop indenter and the experimental
specimen is assumed to be frictionless and adhesionless.
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1.2. Hill's yield criterion and flow rule

The quadratic Hill's yield function f ( )ij also named as the Hill 48
yield criterion [2] has been used in the current work to quantify the
anisotropy in sheet metals, see equation (1.1). The Hill 48 yield cri-
terion assumes no difference between the tensile and compressive yield
stresses in a particular stress direction. The yield criterion depends on
the deviatoric stresses and is pressure independent. Hence, ij are de-
viatoric stresses where i j, 1,2,3 being the anisotropic axes and
F G H L M, , , , and N are constants which are experimentally de-
termined. For a rolled sheet metal, 1 is the rolling direction RD, 2 is the
transverse direction TD and 3 is the normal direction ND. Typically, the
constants F G, and H are determined from uniaxial yield stresses with
respect to the axes of anisotropy ,y y

11 22 and y
33 while the constants

L M, and N are determined from shear yield stresses associated to the
same directions ,y y

23 31 and y
12 as shown in equation (1.2). The Hill's 48

yield criterion is expressed in equation (1.3) for the principal stresses
,1 2 and 3 aligned with the directions of anisotropy, k 1,2,3 being the

principal stress axes. Further assuming associated flow for plasticity in
metals, the associated flow rule is expressed in equation (1.4) using
which is the rate of the plastic multiplier. The flow rule represents the
coincidence between the plastic potential and the yield surface and
gives the plastic deformation rate p as orthogonal to the yield surface.
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1.3. Relationship between yield parameters and Lankford coefficients

Typically, for thin rolled sheets, a plane-stress condition is assumed
where = 03 . The yield criteria in plane-stress condition, i.e. for a
planar anisotropic material is given in terms of principal stresses, uni-
axial yield stress in rolling direction y

1 and Lankford coefficients in
equation (2.1). The Lankford coefficients or the plastic strain ratios
R R,0 90 and R45 are the ratios of in-plane plastic strain to out of plane

(through thickness) plastic strain due to loading under uniaxial stress
,1 2 and 12 (at an angle = ° °0 , 90 and °45 relative to the rolling di-

rection) respectively as defined in equation (2.2). The relationship be-
tween the Lankford coefficients and the Hill's parameter in equation
(2.2) has been derived from the flow rule in equation (1.4). The Hill's
yield criterion is written for plane-stress condition in the anisotropic
axes taking =, , 013 23 33 in equation (2.3). Hill's yield criteria in
plane-stress is written in terms of the Lankford coefficients in equation
(2.4) [44]. By comparing the individual terms in equations (2.3) and
(2.4), the relationships between Hill's yield parameters and the Lank-
ford coefficients are obtained in equation (2.5). For planar isotropy, the
plastic strain ratio R0 is independent of and = =R R 190 45 . By sub-
stituting values of the yield parameters F G, and H in equation (1.4),
the equivalent flow stress is expressed in the principal stresses as given
in equation (2.6).

=
+

+ +
+

= =f R
R

R R
R R

( ) 2
1

( 1)
( 1)

( ) 0k y1
2 0

0
1 2

0 90

90 0
2
2 2

3 (2.1)

= = = = = = = =
+

= ±R d
d

H
G

R d
d

H
F

R d
d

H
F G

( 0);
2

; 1
2 40

2
3

90
1
3

45
12
3

(2.2)

= + + + + = =f G H H F H N2 ( ) ( ) 2 ( ) 2 1 , , 0ij 11
2

11 22 22
2

12
2

13 23 33

(2.3)

=
+

+ +
+

+ + +
+

=f R
R

R R
R R

R R R
R R

( ) 2
1

( 1)
( 1)

( )(2 1)
( 1)

1ij 11
2 0

0
11 22

0 90

90 0
22
2 0 90 45

90 0
12
2

(2.4)

=
+

=
+

=
+

= +
+

+ = =F R
R R

G
R

H R
R

N R R
R R

R M L
( 1)

, 1
1

,
1

, ( )
( 1)

1
2

, 3
2

, 3
2

0

90 0 0

0

0

0 90

90 0
45

(2.5)

= + +
+

R R R R
R R R

( ) ( ) ( )
f
2 0 1 2

2
0 90 2 3

2
90 3 1

2

0 90 90 (2.6)

1.4. Derivation of stress ratio's using anisotropy constants

The ratio of plastic strain underneath the Knoop indenter along the
long and short diagonal is assumed proportional to the inverse of the
ratio of the length of the diagonals, i.e. = =d d d D/ / 1/7D

p
d
p

s ll s as shown
in Fig. 1a. This results from the plastic deformation (displacement of
substrate) along the diagonals of a penetrating Knoop indenter follows
the projected length the edges of the faces of the indenter in contact
with the substrate. Following the work done in Ref. [21], the diagonals
of the Knoop indenters are oriented along the principal coordinate di-
rection which are also aligned along the axes of anisotropy (RD TD, and
ND). In the analysis, the axes of anisotropy for the measured specimen

Fig. 1. (a) The geometry of a Knoop indent showing lengths of short diagonal ds and long diagonal Dl and (b) the orientation of six Knoop indentations i i i i i, , , ,a b c d e
and if with Dl and ds along RD (Rolling direction), TD (Transverse direction) and ND (Normal direction).
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are supposed to be known in advance. So, the sides of the Knoop in-
denter can be aligned with the anisotropy direction. This is the case for
six possible indentations namely i i i i i, , , ,a b c d e and if as shown in
Fig. 1b. In plane-stress condition the yield criterion is expressed in
terms of principal stresses 1 and 2. Hence the strain ratios of the in-
dentations ia and ib corresponding to the 1 2 plane are taken as 1/7
and 7. The other strain ratios corresponding to the indentations i i i, ,c d e
and if are obtained from volume constancy, i.e. + + =d d d 0p p p

1 2 3 .
The strain ratios on the 1 2 plane are given in equation (3.1) as a
vector B using the ratio = 7. By using the associated flow rule the
expression for the strain ratio vector B has been expanded in equation
(3.2) following which the stress ratio vector, i.e. the ratio of principal
stresses in plane stress-plane = /2 1 for each indentation (i ia f ) has
been expressed in terms of Lankford coefficients, and strain ratio vector
B . The expression of in equation (3.3) accounts for the anisotropy in
the specimen characterized for its yield criterion parameters.
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1.5. Plotting points on 1 2 plane from KHN data

The Knoop hardness number is taken proportional to the deviatoric
shearing stress on the octahedral plane. Therefore, the KHN is assumed
to be equivalent to the equivalent flow stress (uniaxial yield stress) in
plane stress as explained in Ref. [22] and is in agreement with [43]. For
the Hill's 48 yield criterion the equivalent stress in plane stress condi-
tion is given as the uniaxial yield stress in the (rolling direction) prin-
cipal axis 1, y

1 . By equating the Knoop hardness number with uniaxial
yield stress (KHN~ y

1 ), equation (4.1) can be obtained. By expressing
equation (4.1) in terms of ratios of 1 and 2, i.e. for each indentation
i i i i i, , , ,a b c d e and if the expressions for the points (coordinates) on the
KHN yield locus are obtained in the 1 2 plane as given in equation
(4.2).
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The Knoop hardness number (KHN) is measured using the dimen-
sions of the indentation mark as shown in Fig. 1a. The KHN is given as
the ratio of the applied load P and the area of the indentation Ac. The
area of the indent is given is terms of the major diagonal length Dl of
the indentation mark and a constant factor =C 0.070279K . For the
Knoop indenter, the contact area is given in terms of the indentation
depth h as =A h64.55 2. Using the relationship between the indentation
depth h and major diagonal length as =D h30.514 , KHN is given in
terms of h in equation (5.1) in Kgf mm/ 2 units and in terms of h and D in
equation (5.2) in GPa units [29]. The Young's modulus E of the spe-
cimen is calculated from the elastic recovery of the indented material
during unloading of the indenter [45]. However, the elastic recovery
along the shorter diagonal of the Knoop indenter is higher compared to
that of the longer diagonal of the Knoop indenter [30]. The difference

in the recovered (final) contact length ratio and the maximum contact
length (7.114) is proportional to the ratio KHN GPa E[ ]/ . Hence, the
Young's modulus of the specimen can be calculated by equation (5.3)
using a geometry factor of 0.45 [30,51].

= =KHN P
A
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[ ]c l

2 2 (5.1)
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1.6. Optimizing the yield parameters based on KHN-data points

The yield parameters R ,0 R90 and y obtained for the yield locus
fitting the KHN based points for all six orientations plotted in the 1 2
plane (equation (4.2)) is optimized by minimizing the distance between
the yield locus and the KHN based points in the 1 2 plane. The
distance between the KHN data points ( ,1 2) and the yield locus is
measured along a straight line using either of the two methods de-
scribed below. In both the methods, a linear strain path is assumed for
the Knoop indentation to find the intersection of the KHN data points
with yield locus as shown in Fig. 2.

The distance between the points plotted using equation (4.2) from
the KHN-data ( ,1 2) and the yield locus plotted from R0 and R90 values
obtained by solving the equation for the ellipse in the 1 2 plane for
the plotted KHN-data points is calculated by two methods. In the first
method the shortest distance between the points and the yield locus is
calculated taking the perpendicular line from the points and the in-
tersection with the yield locus. The slope of the perpendicular line to
the ellipse is given as mn and the slope of the ellipse (yield locus) at the
point of intersection is given as me as shown in Fig. 2. In the second
method, the distance between the KHN points and the yield locus along
the line through the origin and the KHN points intersecting the yield
locus is minimized. The slope of the line passing through the origin of
the plane-stress plane and the measured points using KHN data points is
given as ms as shown in Fig. 2. The point of intersection ( ,1 2) for the
normal to the yield locus, passing through the KHN-data point is given
by solving equations (6.1) and (6.2). The point of intersection ( ,1 2)
along the line from the origin to the KHN-data points by solving
equations (6.2) and (6.3). The total distance d between the KHN-data
points and the intersecting points on the yield locus is given as the norm
of distance between the individual KHN points di ( , )1 2 and the points
of intersection ( ,1 2).

Fig. 2. Minimization of distance between the points plotted in the plane-stress
plane and the yield locus obtained from the values of R0, R90 and y.
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The values of R R,0 90 and y are chosen and changed such that the
distance between the KHN-data points and the yield locus is minimized
in the 1 2 plane as shown in Fig. 2. The optimization function selects
various values of R R,0 90 and y using an objective function where
distance d is minimized as further explained in Fig. 2. The KHN data for
all 6 orientations are used to measure the coordinates in the 1 2
plane by taking an initial values of =R 10 and =R 190 . The initial value
of R0 and R90 are varied across a range of values until the distance
between the points and the yield locus is minimized.

To further analyse the data, an algorithm to plot the yield locus from
the KHN data and to calculate R R,0 90 and y has been developed and
shown in Fig. 3. Initially, points are plotted in the deviatoric plane from
KHN, using equation (3.1) = B( ) and 3.3 ( = =R R 10 90 ) respectively.
However, the yield locus obtained in the deviatoric plane or for that
matter in the plane-stress plane with an isotropic assumption of

= =R R 10 90 is not accurate for anisotropic material. Also, typically
sheet metal processes have used plane stress assumptions in expressing
anisotropic material behaviour. Hence, an algorithm has been devel-
oped to optimize the value of R0 and R90 and use the optimized values
to plot the yield locus in the plane-stress plane. The algorithm mini-
mizes the distance between the points plotted in the plane-stress plane
using KHN-data. Then, the yield locus plotted in the plane stress plane
using the optimized values of R R,0 90 and the value of y.

2. Experimental procedure

Anton Paar's NHT3 nano-indentation set-up along with the Knoop
indenter is used to perform nano-indentation of both zinc coated and

uncoated steel sheets. For higher loads Lecco's LM100 micro hardness
test set up was used with a Knoop indenter. The geometry of the Knoop
indenter is explained in the current section. Also metallographic pre-
paration of steel sheets has been done prior to the indentation as ex-
plained in this section. The polished sheets are also used for EBSD
(electron backscatter diffraction) analysis in SEM (scanning electron
microscopy) to study the grain size and grain orientation in the sheets.
The surface of the specimen is measured using a confocal microscope
for its roughness after polishing.

2.1. Preparation of specimens

Knoop indentation based characterization has been done on low
carbon DC04 steel sheets and zinc coating on steel sheets. Prior to
characterization polishing of the sheets is done which serves a two-fold
purpose. The effect of friction on the maximum resolved deviatoric
stress on the surface of the Knoop indenter is minimized by polishing.
The aim is to equate the Knoop hardness to the deviatoric stress re-
sulting in plastic flow of the sheet due to indentation. By comparing the
size of the indent with the grain size the indentation loads are adjusted
such that the indentation measurements are done for multiple grains.

Both the DC04 steel sheet and the zinc coated steel sheets have been
obtained from cold rolling mills with a marked rolling direction. They
have been cut into rectangular sheets of different sizes for polishing of
the surface and the cross-section. Rectangular sheets of length 10 mm
and with 15 mm with the rolling direction along the length have been
laser cut from the rolled sheets and used for polishing the surface. The
cross section of rectangular sheets of length 10 mm cut along transverse
direction of length 15 mm cut along rolling direction and width 2.5 mm
width have been polished as well. The surface of the ×10 15 mm sheets
and the cross-section of the ×10 2.5 mm and ×15 2.5 mm are hot
mounted using a bakelite disc of 25 mm diameter for the metallo-
graphic preparation.

An automatic polishing machine was used to polish the mounted
bakelite discs. The following polishing steps are used for the surface and
cross-section of the DC04 steel sheets. Grinding of the steel sheets is
done initially using 220 grade silicon carbide paper at 25 N load and
300 rpm for 3 min using water as lubricant. Further grinding was done
using diamond suspension of 9 μm particle size at 40 N load and
150 rpm for 5 min. The grinding steps removed unevenness on the
surface of the steel sheet. Further polishing was done in three steps.
Diamond suspensions with 3 μm and 1 μm particle sizes were used at
20 N load 150 rpm for 4 min. For the final etching step, a silica

Fig. 3. Flowchart showing the optimization algorithm to obtain values of R R,0 90 and y.
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suspension of 0.04 μm was used at 15 N load 150 rpm for 3 min. This
results in a surface roughness of 20 nm on the steel surface as shown in
Fig. 4a.

The polishing of the zinc coating using similar steps is challenging
due to the softness of the coating, the shrinkage gap between the
coating and the bakelite resin mount and the reaction of water with the
coating resulting in discoloration. Hence water and water based lu-
bricants are only used in the initial grinding of the zinc coating cross-
section using 320 grade sandpaper at 300 rpm and 9 μm particle size
diamond suspension at 150 rpm both at 30N load for 4 min respec-
tively. To avoid the reaction of water, an alcohol based lubricant with
diamond slurries of 3 μm and 1 μm are applied at 25 N and 20 N at
150 rpm for 4–6 min respectively. The final etching of the zinc coating
was done using de-agglomerated gamma alumina powder of 0.05 μm
mixed with Ethanol denatured with iso-propyl alcohol at 15 N and
150 rpm for 2 min. In order to polish the surface of the zinc coating on
the steel sheet without removing the soft zinc coating, the grinding
steps are avoided and only polishing and etching steps are followed
similar to that of the zinc coating cross-section. The polished surface
and cross-section of the zinc coating is shown in Fig. 4b and c respec-
tively. The size and thickness of the zinc grains can be estimated to be
around 100–200 µm and 10–20 µm from Fig. 4b and c respectively. The
slip deformation marks due to rolling process can be seen on the zinc
grains in Fig. 4b.

2.2. Indentation test set-up

Anton Paar's NHT3 nano-indentation set up has been used to per-
form indentation based characterization of the DC04 and zinc coated

specimen as shown in Fig. 5a. Nano indentation is a depth sensing in-
dentation technique where the applied load and the penetration depth
of the indenter into the specimen are recorded and used to determine
the mechanical properties of the test specimen [46]. The force is ap-
plied during indentation by a piezo-electric actuator with a feedback
control. In the current work, the Nano-indentation tester can apply a
load up to a maximum force of mN500 at a resolution of 0.02 μN and a
maximum penetration depth of 200 μm at a resolution of 0.01 nm. The
Nano-indentation tester used, has a noise floor value of ± N0.5 µ for
load controlled indentation which indicates the maximum resolution by
which noise is precisely measured [47]. The schematic of the Nano-
indentation test set-up and the Knoop indenter tip is shown in Fig. 5a
and b.

In a depth sensing nano-indentation technique [45] the hardness
and the elastic modulus of the specimen are measured using the loading
and unloading curves respectively as shown in Fig. 6b. During loading
the load is increased to the set load Pm for a time duration of 30 s. At
maximum load Pm the load is kept constant for a dwell time duration of
10 s to avoid creep effects. The unloading is done at a similar rate as
loading for a duration of 30 s. The loading and unloading sequence and
the corresponding penetration depth is plotted in Fig. 6a. The hardness
of the specimen Hi is measured from the ratio of the applied load to the
indentation area Ac which corresponds to the maximum penetration
depth hm as given in equation (7.1) for Knoop indenter. The unloading
of the indenter is followed by elastic recovery of the substrate. The
stiffness of the substrate system can be given as the slope of the un-
loading curve in Fig. 6b. The residual elastic modulus of the indenter
substrate system Er is calculated by equation (7.2). The elastic modulus
of the substrate Es is calculated from equation (7.3), given the elastic

Fig. 4. Surface of the polished and etched (a) DC04 steel sheet and (b) zinc coating on steel sheet at 20x magnification seen using confocal microscopy and (c) cross-
section of the zinc coated steel sheet at 1900x magnification seen using SEM.

Fig. 5. Schematic of the (a) the nano-indenter set up, (b) the Knoop indenter and the indent.
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modulus value of the indenter Ei.
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2.3. Calibration of indenter shape function

The schematic of an indent on the cross section of a coating is given
in Fig. 7a. The applied load is maintained such that the size of the in-
dent is less than the coating thickness (20 μm). However, prior to in-
dentation experiments the tip of the Knoop indenter must be calibrated
for its tip shape by a shape function. The shape function of the indenter
gives the projected area of the indentation at the contact depth hc and is
approximated by fitting polynomial function to the experimentally ca-
librated data. The shape function takes into account the curvature of
the indenter tip in measurement of the projected contact area. By in-
denting the calibrated fused silica specimen and curve-fitting the ex-
perimental data as shown in Fig. 7b, the shape function of the Knoop
indenter in nano-indentation was obtained with equation (8) and im-
plemented in the calibration file of the nano-indenter for Knoop in-
dentation.

= + × + ×A h h97.77 5.57 10 5 10c c c
2 6 14 (8)

For very large loads in micro-hardness measurement methods,
where the elastic recovery is negligible compared to the indent size, the
hardness can be measured by the final indent size after indentation.
However, the KHN is measured with the depth sensing method at loads
of 10–100 mN by equation (7.1).

3. Results and discussion

The grain size and orientations of the DC04 steel sheet and zinc
coated steel sheet have been studied using SEM with EBSD analysis.
Based on the grain size, the loads and distribution of in the Knoop in-
dentations has been varied such that the anisotropy at the crystal scale
is minimized. The grain orientations are also helpful in understanding
the slip systems and the anisotropy in the grains with respect to rolling
process.

The Knoop hardness number is measured for all 6 orientations for
both the DC04 steel sheet and the zinc coating on the steel sheet. The
six orientation namely i i i i i, , , ,a b c d e and if correspond to the orientation
of the longer diagonal Dl and the shorter diagonal ds along the aniso-
tropy axes rolling direction RD, transverse direction TD and normal
direction ND. Hence a given orientation, for instance can be written as
ND rd where the long diagonal Dl is oriented along the normal di-
rection ND and the shorter diagonal ds is oriented along the rolling
direction rd (RD). The results are plotted in the plane-stress plane. The
distance between the plotted points and the yield locus d is minimized
along the slope ms. Then the anisotropy parameters are optimized using
the algorithm in section 2.5 and used to plot the yield locus in plane
stress plane. The KHN-based yield curve and anisotropic parameters
have been validated with the yield curve and anisotropic parameters
obtained using bulk tests.

3.1. Grain size and orientation of DC04 steel and zinc coating

The cross section of the zinc coated steel substrate and surface of the
zinc coating showing the individual grains is given in Fig. 8. The
average grain size of the zinc coating can be estimated to be around
100–200 µm. It can be seen that the zinc grains are aligned as pancakes
with a thickness of 20 µm. It can be deduced from Fig. 8a and b that the
size of the grains is typically in the order of the size of the Knoop indent
(see Fig. 7a). If the grain size is larger than the indentation size, then
the grain size and orientation has a major effect on the properties ob-
tained from the indentation [41]. Hence larger loads are chosen for

Fig. 6. (a) Loading and penetration curves for Nano-indentation using Knoop indentation (b) to obtain hardness and stiffness from the load-depth curve [46].

Fig. 7. (a) Schematic of Knoop indent in the coated cross-section. (b)Fitting of the contact areas obtained for various penetration depths in calibration of shape
function of the tip of the Knoop indenter.
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Nano-indentation keeping in mind the coating thickness for zinc coated
specimens. Furthermore, multiple indentations (20–50 in number) have
been performed as a matrix spread out over a region of the specimen
and the average of the data obtained from the indentation is taken. This
helps in averaging the effect of local grain orientation and size on the
data obtained from the Knoop indentation.

Fig. 9b shows the Euler angles in the inverse pole figure (IPF Z) map
of the SEM scan of the area shown in Fig. 8b. The zinc grains are mostly
oriented along their (hcp crystals) c axis almost normal to the sheet
plane. However certain grains can be seen elongated and aligned along
the rolling direction in Fig. 9b. Multiple pyramidal slips and twins can
be seen throughout the grain matrix as well. The deformation of the
zinc grains during the (temper/cold) rolling process orients the zinc
grains in a preferred direction as can be seen in Fig. 8a and IPF figure in
Fig. 9b. The grain size of the steel substrate and the DC04 steel is much
smaller around 10–20 µm from Figs. 8a and 9a. The DC04 steel grains
(bcc (body centred cubic) crystals) are predominantly aligned with their
axis along the 111 direction.

3.2. Yield locus of DC04 steel

The hardness of the DC04 steel sheet specimen was measured for
each of the six orientations using 20 measurements. The average values
of the Knoop hardness numbers for each six indentations were plotted
for 50 g load in Fig. 10a. A maximum load of 50 g equivalent to
490.05 mN was applied using a Knoop indenter to avoid any grain ef-
fects on yield behaviour of the DC04 steel. Multiple indentations have
been done, in an indentation matrix shown in Fig. 10b. The size of the
Knoop indentation has been measured by observing them under a
confocal microscope. The length of the long diagonal Dl, short diagonal
ds and indentation depth h of the Knoop indent mark is measured from
the height profile of the indent as shown in Fig. 10c. The symbols in the
bar plots below represent the orientation of the longer and shorter

diagonals of the Knoop indenter along the axis of anisotropy, e.g. the
ND rd represents the long diagonal Dl along the normal direction ND
and short diagonal ds along the rolling direction rd.

The yield locus of the DC04 steel sheet is initially plotted in the
deviatoric plane as shown in Fig. 11. By assuming the Levy's Mises
criteria for isotropic materials, the stress ratio is taken equal to the
strain ratios from equation (3.1) = B( ). The six points i i i i i, , , ,a b c d e
and if corresponding to six indentation orientations are scaled ac-
cording to the Knoop hardness number given in Table 1. However, the
anisotropic parameters obtained from the deviatoric yield locus are
typically the same as those obtained from bulk tests for DC04 steel sheet
[48]. Hence, the yield locus is plotted in the plane-stress plane and
optimized to obtain the anisotropic parameters.

The initial KHN-data points are plotted in the plane-stress plane by
taking initial values of = =R R 10 90 . The yield locus is solved for the
plotted points from which values of R ,0 R90 and y are obtained. The
values of R0 and R90 are used to correct and re-plot the yield locus until
the difference in the distance between iterated KHN-data points and the
yield loci from the values of modified R ,0 R90 and y is below a specified
tolerance. The optimized KHN-yield locus is plotted in the plane-stress
plane in Fig. 12 and its optimized R ,0 R90 and y are listed in Table 1 and
compared with those obtained from the bulk loading tests of DC04 steel
[48]. The close agreement in both the methods, sets the possibility of
using Knoop (Nano-) indentation with the developed algorithm given in
Fig. 12 to characterize the yield locus for thin, zinc coatings of galva-
nized steel sheets [41].

3.3. Yield locus of zinc coating

Multiple indentations have also been performed on the cross-sec-
tions of the zinc coating as shown in the Fig. 13b and c. The size of the
indents for indentation along the cross-section of coating at higher
loads (> 50 mN ) exceeds the thickness of the coating cross-section.

Fig. 8. Image of the grains in the (a) cross section of the zinc coating and (b) surface of the zinc coating on steel sheet after polishing and etching as seen in the
backscattered image in EBSD analysis.

Fig. 9. Image of the inverse pole figures (IPF Z) of the grains in the surface of the (a) DC04 steel sheet and the (b) zinc coating on steel sheet after polishing and
etching as seen in the EBSD analysis.
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Hence, the indentation load is taken as 20 mN in order to keep the
indentation size well within the coating thickness of 20 μm as shown in
Fig. 13b. The length of the longer diagonal for the 20 mN load can be
seen as 10–12 μm in Fig. 13c which is lower than the average coating
thickness of 20 μm. This corresponds to a penetration depth of

=h D /30l which is approximately 0.4 μm. For such low penetration
depth, the plastic flow along the coating thickness direction which is
also along the longer diagonal is minimal. The plastic flow occurs along
the short diagonal which is along the coating. Therefore, it can be
concluded that for indentations with 20 mN loads along the coating
cross section, the effect of substrate mechanical properties is minimal.
Furthermore, the plastic flow component under the indenter along the

Fig. 10. (a) Mean Knoop hardness number for indentations with six different orientations on DC04 steel sheet at (50 g) 491 mN load. (b) Image of matrix of Knoop
indents and (c) the height profile and size of the Knoop indent at (50 g) 491 mN load.

Fig. 11. Yield locus for DC04 steel sheet in the deviatoric plane in the rolling
direction z , transverse direction and normal direction r with KHN scale in
MPa.

Table 1
Knoop hardness number and Yield criteria parameters for DC04 steel sheet
[48].

KHN-orientation Value[kgf mm/ 2] Yield criteria parameters Value

KHNia 118.25 R bulk
0 1.93

KHNib 115.1 R bulk
90 2.21

KHNic 177.35 y
bulk 157.8 MPa

KHNid 167.4 R KHN
0 1.8

KHNie 136.55 R KHN
90 2.34

KHNif 141.35 y
KHN 168.5 MPa
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penetration direction does not feel substrate effect for indentation along
the coating cross section.

The value of Knoop hardness value for all six orientations is plotted
for three different loads in Fig. 13a. A large deviation in the hardness
values is obtained for each of the six indentation orientation resulting
from the effect of the orientation of the zinc grains on indentation
hardness (see Fig. 13a). The average value of the measurements of the
indents at the same orientation are taken to reduce the local effects of

anisotropy due to grain size and orientation. The average of the hard-
ness values (KHN) obtained from indents with an applied load of 20 mN
load is used to calculate the yield locus of the zinc coating in order to
avoid effects of coating-substrate interface and, properties of the steel

Fig. 12. The yield loci obtained from KHN data on the plane-stress plane op-
timized for anisotropy and compared with that obtained with bulk tests on
DC04 steel sheet.

Fig. 13. (a) Mean Knoop hardness number for indentations with six different orientations on zinc coated steel sheet at 20 mN load. (b) Image of matrix of Knoop
indents and (c) the height profile and size of the Knoop indents at the cross section of the zinc coating at 20 mN load.

Fig. 14. Yield locus for zinc coating in the deviatoric plane in the rolling di-
rection z , transverse direction and normal direction r with KHN scale in MPa.
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substrate, individual grain orientation and grain boundaries (see
Fig. 13b and c). The anisotropy determined using Knoop indentation
accounts for the anisotropy in the zinc coating attributed to the hcp
crystal structure of the zinc as well as the deformation textures induced
in the zinc coating by the temper rolling of the galvanized steel sheet.

Initially the yield locus for the KHN data is plotted in the deviatoric
plane as shown in Fig. 14. The points on the deviatoric plane are plotted
along the lines following the stress ratios from equation (3.1) = B( )
and scaled according to the KHN data. Comparing the yield locus of the
DC04 steel and the zinc coating from Figs. 11 and 14, it can be said the
zinc coating has higher induced anisotropy compared to the DC04 steel
sheet. The anisotropy in the plastic deformation of the zinc coating and
the steel is induced from the rolling process. The difference in the size
and amount of zinc along the thickness and surface plane could also be
attributed to the anisotropy in the mechanical properties of zinc coat-
ings. Additional anisotropy is inherent to the zinc grains due to their
hcp (hexagonal closed pack) crystal structure. The difference in the
critical resolved shear stress for the various slip systems in the zinc
grains, e.g. basal slip, pyramidal slip and twinning results in its aniso-
tropy [41,49].

After validating the yield locus obtained from the Knoop indenta-
tions of DC04 steel sheet with the bulk tests, the yield locus of zinc
coating on steel sheets has been characterised by Knoop indentation.
The KHN data has been listed for the 6 orientations in Table 2. The
points are plotted in the plane stress 1 2 plane taking initial values
of = =R R 10 90 in Fig. 15. The values of R ,0 R90 and y are then varied
(increased/decreased) using constants a and b as shown in the algo-
rithm in Fig. 3. The distance d between the measured KHN-data points
on the plane stress plane and the yield locus based on R ,0 R90 and y is
computed. Finally, the optimized yield locus for the zinc coating on the
steel sheet is plotted by optimizing the KHN-data points in Fig. 15. The
parameters of the yield locus obtained using the procedure above are
listed in Table 2.

Using equations (2.2) and (2.5) the parameters for the Hill's quad-
ratic yield criteria of the zinc coating can be obtained from the R values

as =F 0.2, =G 0.69, =H 0.31. The values of F, G and H are im-
plemented in the Hill's quadratic equation in principal stress co-
ordinates given in equation (1.3). The constants of the shear stress in
the Hill's quadratic equation in equation (1.1) are taken =N 1.5,

=M 1.5 and =L 1.5 assuming isotropy. As of now the value of R45
(Lankford coefficient/strain ratio at °45 orientation) is required to ob-
tain the value of N has not been obtained from the Knoop indentation
method listed above.

The objective of the current work is developing a new indentation
based method to characterize the yield locus for metallic coatings with
rolling induced anisotropy. To elaborate on this method, as an example
hot dip galvanized, temper rolled zinc coating have been used. The
yield locus of the zinc coating has been successfully plotted from Knoop
hardness data using the above method after an initial validation of the
yield locus by Knoop indentation with the yield locus by standard tests
for an uncoated cold rolled DC04 steel specimen.

4. Conclusion

To conclude, a method to obtain the yield parameters and to plot
the anisotropic yield locus based on Knoop indentation has been de-
veloped. The yield parameters are optimized to plot the best fit yield
locus from the KHN data. The method has been implemented to plot the
yield locus for DC04 steel sheet and validated against bulk tests. Both
experimental characterization procedures have been shown to be in
good agreement. The method has been extended to plot the yield locus
of the zinc coating on steel sheet. The parameters for the Hill's quadratic
yield criteria have been derived from the plotted yield locus of the zinc
coating and can be used in modelling of material deformation beha-
viour in various numerical simulations.
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