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An analytical solution to the frictional sliding contact problem for homogeneous or-
thotropic materials indented by a semi-circular punch is developed.The principal
axes of orthotropy are assumed to be parallel and perpendicular to the contact. Coulomb
friction assumption is used to model the friction between the punch and the orthotropic
medium. The mixed boundary value problem is reduced into a Fredholm integral equa-
tion of the second kind by using Fourier transform technique. The singular integral

equation is solved analytically using Jacobi Polynomials for the unknown surface contact
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stresses. Numerical results show the effect of the orthotropic material parameters, coef-

ficient of friction on the contact stress distribution and load vs. contact length behavior.

Keywords: Contact mechanics; Friction; Orthotropic materials; Singular integral equation;

Semi-circular punch.

INTRODUCTION

Contact mechanics problems in isotropic materi-
als gained a great deal of interest and commonly
investigated throughout the twentieth century. Ort-
hotropic materials have been utilized both in struc-
tural design and engineering applications such as ce-
ramic matrix composites [1]. These materials gained
popularity in the last two decades and mainly projec-
ted to be used in the aerospace industry as fiber me-
tal laminates in the structure of aircrafts and in the
components of gas turbine engines [2]. For example,
Tyrannohex is a high strength ceramic material con-
taining properties of other orthotropic materials and
it is utilized in the gas turbine components [3].

The studies in the theory of contact mechanics da-
tes back to Lord Kelvin [4] who solved the problem of a
force applied at a point in an isotropic infinite medium
using Green’s functions [5]. Then Lamé [6] further imp-
roved Lord Kelvin ‘s solution with superimposed stres-
ses in a spherical container. Boussinesq [7], provided the
solution of a normal force applied to the boundary of
an isotropic semi-infinite solid using Green’s functions
and Kelvin’s method. Almost at the same time Hertz [8]
solved the problem involving contact between two elas-
tic bodies with curved surfaces and postulated his fa-
mous assumptions about contact mechanics. Cerruti [9]

inquired on a problem of a force applied tangentially at
the plane boundary of a semi-infinite solid also by using
Kelvin’s solution. In Soutwells’ solution, [10] a spherical
cavity in an unlimited solid under simple tension was
given. Then, Mindlin [11] derived the Green’s functions
for the half-space by adding a supplementary part of the
solution to the Kelvin’s infinite space functions.

The literature on contact mechanics, especially
with isotropic material assumption has been reviewed
by many researchers (see for example Barber and Ci-
avarella, [12]). Muskhelishvili, England and Johnson
[13,14,15] displayed details of the theoretical and nume-
rical methods developed in contact mechanics. Contact
problems are mixed boundary value problems due to
the boundary conditions given in terms of the displace-
ments and stresses at the same time. The formulation of
these problems usually ends up with the singular integ-
ral equations (see for example Erdogan [16,17]).

In a contact problem, material selection plays a
fundamental role since material properties have cruci-
al effects on the contact stresses. Although, most of the
materials contain some local heterogeneity and faults
because of their manufacturing techniques, they are
usually modeled as isotropic materials. Contact mec-
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hanics of anisotropic materials have also been analyzed
in the literature. Stroh [18,19] and Lekhnitskii [20] repor-
ted solutions using transform methods for a concentrated
point force in an infinite body or on the surface of a half-
space for anisotropic materials. Sveklo, [21] used integral
transformation to the stress equilibrium equations and he
also used the Cauchy integral for describing the boundary
stress condition to solve contact problem of anisotropic
material. Also, Willis [22], proposed a solution method of
contact mechanics of anisotropic materials by using Fouri-
er transform. Sveklo’ s method for indentation of the ort-
hotropic half-space was analyzed by Shi et al. [23]. Kahya
et.al. investigated frictionless contact problem between two
orthotropic elastic layers by solving the singular integral
equations [24]. Batra and Jiang’s provided the parametric
analysis of a punch problem for a linear elastic anisotropic
layer bonded to a rigid substrate by using Stroh formalism
[25]. Bagault et. al. [26] developed a semi-analytical method
for the contact problem of anisotropic materials by utilizing
Boussinesq and Cerruti solutions. Ashrafi et. al. [27] discus-
sed an analytical and computational solution of the contact
problem of a semi-infinite orthotropic material indented by
a rigid spherical punch where a numerical analysis was pre-
sented using a finite element model. Dong et. al. [28] provi-
ded various expressions for the stresses and displacements
of orthotropic materials indented by two collinear punches
with flat or cylindrical profile. In addition, frictionless con-
tact problems on arbitrarily multilayered piezoelectric half-
planes modeled as orthotropic medium and solved using
matrix formulation [29,30]. Recently, Zhou and Lee [31] also
modeled piezoelectric half space as an orthotropic medium.
They conducted a parametric analysis of two-dimensional
frictionless sliding contact problem by means of the Galile-
an transformation [31] and they further studied a frictional
contact of anisotropic piezoelectric materials indented by
several stamp profiles [32].

Normally, nine independent material parameters are
needed to define stress-strain behavior of an orthotropic
material. Krenk [33] redefined these parameters so that
the number of elastic parameters decrease to four for plane
strain and generalized stress conditions. Cinar and Erdogan
[34] and Ozturk and Erdogan [35,36] applied this approach
to the mixed-mode crack problems in an inhomogeneous
orthotropic medium.

Recently, Guler [37] developed a solution method for
the sliding frictional contact problem for an orthotropic se-
mi-infinite half space indented by a flat and a circular punch
by combining Krenk’ s parameters and the method that he
used to solve isotropic half space problems indented by va-
rious types of punch profiles [38-40]. Then, Kucuksucu et al.
[41] postulated wedge-shaped indenter problem of orthotro-
pic materials by using the same method.
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The primary aim of the present study is to look into the
effect of the material parameters of the contact stress dist-
ributions at the surface of the isotropic half plane indented
by a rigid semi-circular punch. The problem is reduced to a
Fredholm integral equation of the second type which is sol-
ved using of Jacobi Polynomials. Relationships between the
applied load versus the contact length and stress intensity
factors at the sharp end of the punch are also found.

Formulation of the problem

Consider the contact problem described in Fig. 1 where a
rigid semi-circular punch is under sliding contact with a
semi-infinite homogeneous orthotropic medium. The
sliding contact is defined between x, =0 to x, =bat the

surface of the orthotropic medium (x,=0) where

(X, X,), are the principal axes of orthotropy which are pa-

rallel and perpendicular to the boundary [42,43]. It is as-
sumed that the coefficient of static friction is constant
within the contact area. P and Q are the resultant nor-

mal and shear forces, respectively, and they are proporti-
onal Q =7P, according to the Coulomb’s law.

In usual notation, u; and oy (i,j=12) specify the
displacement and stress components, and E; Gij and Vi
(i, j =1,2,3) specify engineering elastic parameters. Ort-
hotropic constitutive equations are composed of 9 elastic

constants (3 Young’s moduli, E,. Ey E

o 3 shear moduli,
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G,,,G,;,G,, and 3 Poison’s ratios, v,,,v,,,v,,)- To simplify

the solution, engineering parameters are replaced by four
independent material parameters, namely effective stiffness
parameter E, the effective Poisson’ s ratio v, the shear pa-

rameter K, and stiffness ratio &, defined by [33].

E:VEuEzzv V =qVioVa» 54:%:‘/&7 Kzifvv
22 12

Va
(1a-d)
for generalized plane stress conditions and
I E,E), l("lz + V13V, ) (Var +VigVar)
E= L v=
V (L=vyaVg )AL= vo5vs,) \J (L=vy5Vs )AL= Vsvs,)
(2a,b)
54:i1_‘/23‘/32 = E iy
E, 1-vigvy 2G,
(2¢,d)



for plane strain conditions. In addition, we scale the
independent and dependent variables by using stiffness or
scaling ratio as

Xy - -
=7V VS, U y) =Vou, (6, %), v(x,Y) \/guz(xlxxz),

(3a-d)

(% Y) = 03,(%,%,)/8, 0y (X Y) =005 (X, %), 0y (X, Y) =03, (X, X,)-

(3e-g)

In this study, the spatial variation of Poisson’s ratio is
assumed to be negligible, so it is taken as constant [40]. Note
that the special case of § = xk =1 corresponds to an isotro-

pic material. Also, in a homogeneous orthotropic medium
the range of K can be defined as —1< x < o0 and it can be

shown that for & <—1the elasticity problem has no appli-
cable solution [35,36,44].

Integral equation of the problem

The singular integral equation of the sliding contact
problem can be written as [37,43],

o5 7, (t,0) b
~w,0,, (x,0)+ j 4dt—/11E f(x), 0<x<ﬁ,
(4a)
w,0,,(x,0)+ J'/fwdtfﬂ,ﬁog( X), 0<x<%,
(4b)

Homogeneous

orthotropic medium

Figure 1. Geometry of sliding frictional contact problem of orthotropic
medium indented by the semi-circular punch.
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where
0

f(x)= ,0), =—u(x,!

(0=2v(x0).  g()=Zu(x
(5a,b)

B A, _2(x+v)(nnr —nrr)
%7(1_'/2)(5"4"7_"1"3@)‘ @ (l_VZ)(r2r4r7_ﬁr3r8) ’ (6aYb)
pRNS— B Calad UL AR

0
2(k+v)(r—1) '
In the physical domain (x;, x,), the integral equation

(4) becomes

-z ( Jjﬂdtl AEf(x), 0<x <b, (82)

0,0000) + = joﬂdtl LEG(x).  0<x<b  (8b)
where

f (%)==, (x,0) 0(4)=0-20,(%.0).  (©ab

% 2 (XY, % AT (9a,b)

Eq. (8) constitute a pair of integral equations in terms
of the unknown contact stresses 0 and 7 . In the contact

region, we have

0, (%,0) =0 (x) =-p(x), 0<x <b, (10a)

03,(%,0) =7(X) = -17p(X), 0<x <b, (10b)

where the contact pressure, p(x), 0<x <b, is only

unknown quantity. The relation between the applied load
and the contact length, b can be found by applying equilib-

rium condition [46]. Thus, using Eq. (10), Eq. (8) become:

onp(x L&dq AEf(x),  O<x<b,  (lla)
_ _nept)
@,6p(%,) ”joﬁdtﬁzong(xi), 0<x <b  (11b)

and contact pressure must satisfy the following equi-
librium equation:
b

[p(t)dy =P,

A. Kucuksucu and M.A. Guler/ Hittite ] Sci Eng, 2016, 3 (2) 61-72
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where P is the resultant compressive force. The amp-

litude of the applied load may be given in terms of either the
load P or stamp displacement in the x, axis.

In order to solve the integral equation, the limits of in-
tegration must be normalized. Now setting:

X =XR, t=tR, b=bR, p(t)=p(t) 0<x,t <b".

13)

The integral equation (11a) and the equilibrium equati-
on (12) can be written as:

§
R
)dt' =~

!p(l)ti =

(15)

where

A=awpn, B=-¢.

(16a-b)

The integration limit is normalized from (o.b)  to

(-11) by the following change of variables:

t{:%(sﬂ), XI=%(I’+1), p’(tf):ﬂlEDbEﬂs), -1<r,s<1.
(17a-¢)
Since  the ,stamp profile is given as
X .
U,06,0) =~ + L the function, f(x1) beco-
mes
0 %
f =—u,(x,0)==
(0) = 5 (% 0) =2
(18)

The integral equation (14) can then be expressed in a
normalized form by using Egs. (17) as

A¢(r)+5j—d¢(s) s=r+1.
T S—r
(19)

On the solution of integral equations
For an accurate and efficient solution of the integral equ-

ation the corresponding weight function W(S) needs to

be determined. By defining the complex potential
[13,45,46):
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27i

qn(z)_ijs :

(20)

From Muskhelishvili [13] and by using the complex
function theory, the dominant part of the integral equation
can be written as

Ap(r) +— j ( ) =r+1.
(1)

The index of the integral equation for the semi-circular
punch is defined by:

X =—(a+f)=~(N, +M;) =0,
(22)

where N M, =-10,1are arbitrary integers and can

be determined from the physics of the problem. Since the
semi circular stamp has a sharp cornerat x, =0 and a smo-

oth contact at X, = b, from the physics of the problem, we

must require that & be positiveand B be negative. & and

Bis found to be
wn>0: azg, ﬂ:—g,
Vs
won=0: a=05  pg=-05
on<0: azl—g, ﬂZQ—l,
Vi Vs
(23a-d)
6 = arctan|—{>0, O<6’<£.
wn 2

Now;, one can assume a solution in terms of Jacobi Poly-
nomials as:

-1<s<],

#(s) = iC"W(S)Pn‘“'ﬁ’ () w(s)=(-s)"A+s)",

(24)

where C, (n :0,1,,,,) are undetermined constants
and P (s)are Jacobi polynomials. Substituting Eq. (24)

into Eq. (21) results in

icn {Aw(r)Pn(“'ﬁ)(r) + i j W(S)P(a i (s)ds =r+1. (25)



Using the following property of Jacobi polynomials:

AR (ryu(r) + B[ BOWS) g o B painyy
mot S—r sin za
-1<r<1,  R(a)>1, R(B)>L  R(a)=(01...,)
(26)

Eq. (25) can be expressed as

Zc{ 9 Pn(’“*’ﬂ)(r)} =r+l, -l<r<l
sin 7o
(27)

In this problem, after the application of a given load,

one end of the contact length (i.e., b ) is unknown. Howe-

ver, for a given value of the contactlength (¥ ) Eq. (27) gives
n+ 1equations for M+1 the unknowns. Expanding right

hand side of Eq. (27) into a series of Jacobi polynomials
pla-p) and observing that, we find:
n

r+1=R"/(r)+(1+a) P "(r)

where

R (r)y=-a+r, PE(r) =1

(29a,b)
Therefore Eq. (27) can be written as:

n
0 D e, PE () = B A () + (1+ o) R A(r),
SIN T 55

(30)

Comparing right hand side and left hand side of Eq.
(30), we have only two non-zero coefficients:

(1+a)sin7ra sin 7o
C=—"~t——, = :

o o

(31a,b)

Therefore, the solution becomes;

#(s) = W(s)icn PP (s)=w(s)[ ¢, +¢ (a+5)],

W(S)sin o

[1+2a +5].
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Using Eq. (15) the equilibrium equation (17c) may be
expressed as:

1
4 P
[#(s)ds =———.
’ AEDb? R
(33)
Orthogonality condition of Jacobi Polynomials can be
written as:
L p@d (rypleh) 0 i
L PP OPOWOd =1 oy P i= 012,...
]
(34)
where
a+p+1
g — r w(t)dt = 2 [Na+)I'(p+1) ,
- Ia+f+2)
(35)
gen - 2T+ a DI+ A+Y) g
! Qj+a+p+)j'T(j+a+p+1)’ v
(36)

Using the orthogonality condition of the Jacobi Polyno-
mials, the relation between applied load P and the contact

length b can be found from Eq. (33) as:

4 P
Coby =——%—- (37)
AEL™ R
@, can be given as:
glet) = 272 (39)
Sin 7

The load versus contact length relation may be obtai-
ned by substituting C;, from Eq. (31a) and 00 from Eq. (38)

into Eq. (37)

. P (+a)mad .
P=—=>——+—b".
E,R 20 (39)
Then the contact pressure distribution p”(t;) beco-
mes:
_ [
p(t) =21E03¢(t1),
* * _ * a 1 *
SIS W)
2 t1 n=0 b
. 0)
_AED b :tl sin o a+i* .
£ 5 b
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Using Eq. (10) and Eq. (13) the non-dimensional pressu-
re distribution pressure becomes:

9209,0) __ppe[BoX | sinma) X,
E, X g b

The stress component an(xl*,O) can be found by

using
b t*,
CJZZ(X;,O)+DJ-G§(1*)dT_I 0<x <b’
. w
Gll(xivo)_ o (t; 0)
D% oy (t,0) . )
—|———dt, X, [ 0,b"],
T -([ t—X [ ]
42)
where
C=[—2+V\J§2, D:ﬁ 43)
A
Therefore
* . b . (44)
o0 -alx) 48 (%
cw(r)c,R“” (r)+Cw(r)c,R“” (r)
+E{C°L°+Cll‘l}’ -1l<r<l,
v(r0)=1,
;{COL0+C1L1}v |f|>1.
(45)
where
1 (-r+)“(-r-0” -1, —o<r<-1,
Lo(r):'[wdr: _ (L=r)*@+1)’ cosmer—1, erel
s=r sin za (r-1°(r+1” -1, l<r<om,
(46)
L ()= R ()L (1) +
SIN T
47)

Mode I stress intensity factors at the ends of the stamp
for a homogeneous medium can be defined as:

66

k,(0)= yggxf p(%,)

1
= LEDDY 6, P (-1) (482)
n=0

sin za

=ALEbba

Defining the non-dimensional stress intensity factors
as

k,(0)
E,b”

1
=4b"> ¢, P (-1)
n=0

sin o

k,(0) =

(48b)

=Ab'a

Stress intensity factor in terms of the in-plane stress
component can be defined as

k,(07) = Iin;XfQ(XJ

. (49a)
_AEp b {C sm(;za D cosg;za}

In non-dimensional form Eq. (49a) can be expressed as

. k,(07)
k’(0")=-
q( ) Eba
b {C sinza | cos;ra} (49b)
o o
k,(07) = tim (=x,)“ a(x,)
%—0 (50a)

—Ep (b) g

Similarly, in non-dimensional form Eq. (50a) can be
expressed as:

. k, (0"
)=~
(b) E
LIS (50b)
Z
RESULTS AND DISCUSSION

Contact problem described in Fig. 1 is solved analytically
to obtain results for the contact stresses and in-plane



stress distributions beneath semi-circular punch profile
under various restrictions. In the results, the contact
stresses are normalized by E,. Results are given for the

of (-0.1<k <5,
0.2<6% <5, v=3/7 and 0<7 <0.9). There are certa-

following  range parameters

in limitations on the material parameters of orthotropic
materials. These restrictions require that x+v>0, (see

Eq.(1) and (2), O<v<1 and x> -1.

Fig. 2-4 illustrate the contact pressure, ¢,,(x,,0) un-

der semi-circular punch. Note that the contact pressure is
bounded and zero at the smooth end of semi-circular punch

(% =

end, the contact stress is singular.

b). However, at the leading or another words sharp

In-plane stresses,
o,,(x,,0) are bounded and discontinuous at the leading

Figure 2. Contact pressure, o, (X1, O) ,and in-plane stress, oy, (X:I.’ O) distributions at the contact surface

punch for various values of the parameters . _ E _y with

2G,

n=0.5,

edge (x1 = 0), Inthedistribution of g, (x,,0) as (x1 N b)

near leading edge needle-like spikes distribution is observed.
This case, obviously results in crack nucleation and as a

result component total service life may be reduced because

of contact fracture [47]. It is interesting that neither the stiff-
ness ratio, O , nor the shear parameter, K7, has effect on the

distribution of in-plane stress, g,,(x;,0),at the leading

edge (x1 N b) because of the formulation as

0,,(b,0) _
E

L
2

(51)
~A
0

Fig. 6a shows the dependence of various material para-
meters O and the K on the powers of stress singularities,

a and ,B for fixed value of the coefficient of friction,

under semi-circular

5 B v

2 Va

v=3/7 » b/R=0.01, where E and V' are

4
given in equations (1) and (2) a) 62(%0) for §4=0.2:b) 0,,(%,,0) for 5t =1; 0 0-22(X1'O) for ) :5; d) o (X, 0) for 54 =0.2; e

gll(XI,O) for 4 =1;0 oulw0  for §4=5 .
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Figure 3. Contact pressure, Oy (x:l’ O) , and in-plane stress, O-ll(xl' O) distributions at the contact surface under semi-circular punch

for various values of the parameters = E —v with 77 = 0.5, , =3/7 > bB/R=00L, 54_ Ey _ Y1, where E and v are given in equa-
2G,, Ex va

tions (1) and (2) a) Uzz(xvo) for K =—0.1;b) 022(X110) for Kk =1;¢) o-zz(xi,O) for K =5;d) o'n(Xi,O) for Kk ==0.1;¢) 011()(1'0)
for x=1;f) 0-11()(1!0) for k =5.

Figure 4. Contact pressure, Oy (Xll O) and in-plane stress Ull(xll O) distributions at the contact surface under semi-circular punch for various

E
values of the friction coefficients parameters 77, with X¥=5-==V .y = 3/7 » b/R=0.01, 5= ?n =Yz 02 where E and v are given equati-
? 2 Va

ons (1) and (2) a) 6,,(,0) for k& = —0; K =1;0) 0 (%.0) for x =5;d) 0y, (%,0) for x =—0.1;e) o, (%,0) for & =1;f) 5u(%.0) for
xKk=5.

68



Figure 5. Theload, P
E,R

2G,,

Ey_ v

coefﬁcientsn,with K:i_" ,V:3/7,b/R:O-01: 54:?22_7

V?l

and the contact length b, an orthotropic homogeneous medium under semi-circular punch for various values of the friction

where E and Vv are given equations (1) and (2)a) x = —0.1, §4=02

D=1 6"=029k=505"=02;xk=-0.1;{)5*=5,k=-0.1.

n =0.5, and effective Poisson’s ratio, v = 3/7 . As the she-
ar parameter, g, increases, |a| increases for fixed values of
the stiffness ratio parameter, §. Note that, for x >3 the
change of the & has no effect on the curves. Fig. 6b depicts

the dependence of x and & on the powers of stress singu-

larities, o and B for fixed value of the coefficient of friction,
n=0.5, and effective Poisson’s ratio, v = 3/7 . As the stiff-

ness ratio parameter, §, increases, |a| increases for fixed

values of the shear parameter, k. Note that, for § >3 the

" B
Figure 6. Strength of stress singularity at X, = b, & and X, = 0. pwithp=05,,v= 3/7 for various values of a) , é E,
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where E and v are given in equations (2) and (3) for semi-circular punch where

curves do not sensitive to the change of the «.

Table 1 shows some examples of the stress intensity
factors obtained for a semi-circular stamp. The values of
stress intensity factors increase both shear parameter and
stiffness ratio decreases.

Table 1.The normalized stress intensity factors for a ho-

mogeneous orthotropic medium under contact stresses for
the semi-circular punch,y = 3/ 7.

z=—(a+p)=0 -

A. Kucuksucu and M.A. Guler/ Hittite ] Sci Eng, 2016, 3 (2) 61-72
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Table 1. The normalized stress intensity factors for a homogeneous orthotropic medium under contact stresses for the semi-circular punch, ¥V = 3/7..

Stiffness
ratio 77 = 05 77 = 09
k=-01 x=1 k=5 |k=-01| x=1 | x=5
4 0.00426 0.00316 0.00197 0.003232 0.00267 0.00181
0" =0.2
4 0.00315 0.00225 0.00136 0.002668 0.00203 0.00129
o =1
4 0.00224 0.00156 0.00092 0.002028 0.00146 0.00090
o' =5
Stiffness
ratio 77 - 0.5 77 == 0.9
xk=-01 x=1 k=5 |k=-01] k=1 k=5
4 0.00251 0.00186 0.00116 0.002941 0.002433 | 0.001650
o' =0.2
4 0.00360 0.00257 0.00155 0.003904: | 0.002974 | 0.001892
o =1
" 0.00534 0.00371 0.00221 0.005474 | 0.003964 | 0.002429
o' =5
Stiffness
ratio n= 0.5 n= 0.9
k=-01| x=1 | k=5 |k=-0.1| x=1 k=5
4 0.002009 0.00216 0.00230 0.00300 0.00344 0.00387
0" =0.2
4 0.002166 0.00227 0.00236 0.00345 0.00377 0.00407
o =1
S " 5 0.002274 0.00234 0.00241 0.00378 0.00401 0.00421
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CONCLUSION

In this paper, an analytical solution to the plane contact
problem is given on orthotropic homogeneous medium
is intended by a sliding rigid semi-circular stamp. The
given problem is reduced to a second kind singular integ-
ral equation, which is solved using of Jacobi Polynomials.
The effect of orthotropic material parameters and fric-
tion coefficient on the contact stress are presented. The
following conclusions can be drawn from the results fo-
und in this study:

o In  sliding  contact

problems  orthotropic

homogeneous materials the weight functions w(x)

describing the asymptotic behavior of the contact stresses
are dependent, as in the isotropic homogeneous materials,
on the coefficient of frictionz; and the surface value of the

Poisson’s ratio v (or the shear parameter &) only, and are

independent of all other material constants and length
parameters.

° In-plane stress tensile spike occurs on the surface at
the trailing end of the contact region. The magnitude of
the tensile spike increases with the increasing coefficient
of friction, n stiffness ratio, § and shear parameter k.

° In all cases the resultant force P increases with

increasing contact area in a parabolic manner.
° The shear parameter x, and the stiffness ratio &. 4,

not affect the length of the contact zone.
° The Poisson ratio v has only negligible influence on

the ,,(%,0) contact pressure distribution for x<-0.1

° Results have relevance to surface crack initiation
and propagation in load transfer components.
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emiconducting metal oxide sensors have been widely studied due to their small di-
mensions, low cost and low power consumption. ZnO is a potential material for gas
sensor applications because of its high piezoelectric coefficient, great stability of its hexago-
nal phase and its pyroelectric property. Hydrothermal synthesis is one of the most useful
methods to produce homogeneous, nanosized ZnO powders with high purity, controlled
particle size and morphology. The research objectives of this study were to understand

formation and growth process of ZnO particles with various morphologies and to inves-
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tigate role of starting materials, (i.e., zinc chloride (ZnCl)) and zinc nitrate hexahydrate

(Zn(NO,),.6H,0) on the particle morphology. ZnO particles with various morphologies

were synthesized via an unstirred hydrothermal method. When using ZnCl, as a precursor,

the final morphology was rod like with a taped tip (length of the rod 0.5-1 pm) after 12 h

at 100 °C. On the other hand, final morphology of the produced ZnO particles was branch

rod like (5-10 pm) when using Zn(NO,),.6H,O as precursor under the same synthesis con-

ditions. Accordingly, a proposed growth mechanism has been suggested.

Keywords: ZnO; Hydrothermal synthesis; Phase development; Morphology; Growth

mechanism

INTRODUCTION

inc oxide is an important technological material

due to its wide band gap (3.37 eV), high electron
mobility and large exciton binding energy at room
temperature [1]. Because of these unique characte-
ristic, zinc oxide (ZnO) is a very attractive materials
for various applications such as conductive oxide,
antistatic coating, sensors, band gap optoelectronic
devices, pigments and an UV filters in sunscreens.
Depending upon the different synthesis methods, it
can be synthesised with various type of morphology
such as rod like, sphere like, flower like or urchinli-
ke morphologies [1-3]. The crystal structure, particle
size and morphology of ZnO particles are important
parameters which affect the properties of the powder
and hence determine application areas. For example,
ZnO particles with large surface area can be utilised
for enhancing gas sensing applications [4] where the
amount of absorbed oxygen is strongly depending on
morphology, surface area and grain size of the sen-
sing material [5].

The morphology of ZnO crystals strongly depends
on the type of precursor and mineralizers in the form of

different zinc salts in alkaline solution such as Zn-nitrate,
Zn-acetate and Zn-chloride with alkaline KOH, NaOH
or NH,OH. The solubility of ZnO in these solutions va-
ries with the pH and concentration, and depending on
the OH" concentration and temperature, various Zn**
-hydroxo complexes are formed. From these complexes,
the ZnO precipitates through condensation reaction
[6]. Particle size and morphology are also dependent on
powder synthesis method and parameters (temperature,
time, concentration etc.). Zang et al. reported the cont-
rolling of ZnO morphology by using different precursor
(Zn(OH),* and Zn(NH,),*) and simple solution route.
They founded that ZnO particles had a prismlike morp-
hology after reaction process where NH, was formed as
a by-product from Zn(NH,),> whereas ZnO particles
had a rod like or the flower like morphology depending
on the concentration of OH in the Zn(OH),* solution

[2].

Sing et al. studied the effect of the different precur-
sor solutions (zinc chloride, zinc nitrate and zinc aceta-
te) on the morphology of ZnO and its sensing behaviour
by co-precipitation method. They found out that among
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all the precursor solution, zinc acetate yielded most suitab-
le morphology of zinc oxide with small length rods (about
400-800 nm) which exhibited enhanced sensing response
towards alcohols [4]. Rai et al. have also studied the synthe-
sis of ZnO nanostructures from different precursors (zinc
chloride, zinc nitrate and zinc acetate) via solvothermal
method and established the relationship between morpho-
logy and gas sensing behaviour by comparing their response.
They found that the shape and size of ZnO nanostructures
greatly affected the gas sensing property and the response of
ZnO nanorods synthesised from zinc nitrate or zinc acetate
was higher than ZnO particles synthesised from zinc chlo-
ride for NO, and CO gases [3].

Hydrothermal synthesis is one of the most useful met-
hod among the other solution based synthesis methods such
as direct strike and homogeneous precipitation, microemul-
sion, sol-gel, gel combustion etc. to produce homogeneous,
nanosized ZnO powders with high purity, controlled par-
ticle size and morphology. An important advantage of this
method is that the purity of hydrothermally synthesized
powders significantly exceeds the purity of the starting ma-
terials.

There are several studies on the effect of precursor and
synthesis parameters on morphology of ZnO for different
synthesis methods such as co-precipitation, solvothermal
and hydrothermal method. However, the effect of precur-
sors which have acidic or basic nature on the particle morp-
hology of ZnO crystals and growth mechanism in the dif-
ferent solution characteristics has not well understood yet
for hydrothermal synthesis. Therefore, in the present study,
the research objectives were to investigate role of starting
materials, (i.e, zinc chloride (ZnCl)) and zinc nitrate he-
xahydrate (Zn(NO,),.6H,0)) on the particle morphology
by using hydrothermal synthesis and understand formati-
on and growth mechanisms of ZnO particles with various
morphologies.

MATERIALS AND METHODS

In this study, zinc chloride (ZnClz; Merck) and zinc nit-
rate hexahydrate (Zn(NO,),6H,0; Sigma aldrich) were
used as zinc sources to produce zinc oxide by hydrot-
hermal method. All of the chemicals were of analytical
grade (>99.99 % purity) and were used without further
purification. Zinc chloride or zinc nitrate hexahydrate
were dissolved into distilled water to form transparent
solution (0.25-1 M), and then, 4 M ammonium hydroxide
(NH,OH) solution, used as a mineralizer (pH=8.4), was
added dropwise into the salt solution during magnetic
stirring. To prevent the effect of anions on the formation
mechanisms of ZnO powder, the precipitates were centri-
fuged at 5000 rpm for 5 min and washed in several times
with deionized water to remove residual anions.
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The precipitated product with pH 8.9 was charged into
an autoclave (600 ml capacity) up to 60 % fill. The hydrot-
hermal reaction was conducted at 100 °C for 1-24 h under
autogenous pressure. After the autoclave reached 100°C, 5
minutes soaking time was given to all samples in order to
achieve temperature stability. After the hydrothermal reac-
tion was completed, the autoclave was cooled down to room
temperature. The product was washed with distilled water
and dried in an oven at 90 °C over a period of 24-48 h. The
phase development of the ZnO powder was analysed by
the x-ray diffraction (XRD) method (Rigaku Co. Ltd., Tok-
yo, Japan) with a monochromatic CuKa radiation source (A
= 1.542 A) between 10 ° and 80 ° with 2 °C/min scan rate.
The effects of processing parameters such as the precursor
type, initial concentrations of materials and reaction time
on the morphology and particle size of the ZnO powders
were investigated by a scanning electron microscope (SEM;
Zeiss Supra 50 V, Carl-Zeiss, Germany) and scanning trans-
mission electron microscopy (STEM; JEOL 2100F, FEI, 200
kV HRTEM, Japan). The transmission electron microscopy
(TEM) sample was prepared by sonicating the ZnO crystals
in ethanol and drop casting them on carbon coated TEM
grids. The average particle size of synthesised powder was
measured by using SEM images corresponding Image |
programme. Particle size and distribution of each samples
was calculated by monitoring of approximately 30 individu-
al particles in the SEM images.

RESULTS AND DISCUSSION

Phase development

To examine the phase formation of ZnO depending on
the precursor type, ZnO powders were synthesised under
hydrothermal synthesis conditions at 100 °C for 0-3 hours
using different precursors (ZnCl, and Zn(NO,), 6H,O).
The XRD patterns of these powders synthesised at differ-
ent time (0-3h) are given in Figures 1 and 2. Starting with
ZnCl, salt solution, simonkolleite (Zn(OH),Cl,.H,O)

12000 4 0 Simonkolleite (Zng(OH)Cl, H,0)
A Zincite
A
10000 4
A t=2h
A A A ABA
8000 A | A
3
8
> 600040 \ t=1h
= A
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£ 40004 © o R t=30min
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Figure 1. XRD patterns of ZnO powders synthesised using ZnCl,
precursor at different time (0-2h).



was observed as a major phase with a small amount of
zincite (zinc oxide) at t=0 min (Fig. 1). After 1h, all of the
peaks can be well indexed by the zincite (ZnO; JCPDS No.
89-1397). Starting with Zn(NO,),.6H,O precursor, zinc-
ite phase and unidentified peaks probably belong to zinc
hydroxide complexes as reported earlier in the literature
[6] were detected at t=0 min. After 3 h, pure zincite was
formed as shown in Figure 2.

Effect of the treatment time on particle size and
morphology

To investigate the effect of the treatment time on the
phase formation and particle characteristics, ZnO pow-
ders were hydrothermally synthesized at 100 °C for
different times from different precursors (ZnCl, and
Zn(NO,), 6H,0). Figure 3 shows the SEM images of the
ZnO powders prepared by using ZnCl, precursor for dif-
ferent times. At t=0 min, the zinc containing gel was oc-
curred and a small amount of ZnO precipitated on this
zinc containing gel (Fig. 3a). Small amount of ZnO and
incomplete phase of Zn(OH),Cl,.2H,O dissolved and
ZnO particles with ellipsoidal morphology occurred du-
ring hydrothermal synthesis for 15 min (Fig.3b). When
treatment time reaches the 2 h (Fig.3f), all intermedia-
te phase of Zn (OH),Cl,.2H,O dissolve and single phase
ZnO particles was formed as evidenced by the XRD re-
sults given in Fig.2 and Fig.3. As shown in Figure 3f, ZnO
particles exhibit high uniformity with respect to size and
morphology after 2 h of hydrothermal treatments. The
length of individual ellipsoidal rod like ZnO crystals with
a taped tip was about 0.5-1 um with high aspect ratio.

Figure 2. XRD patterns of ZnO powders synthesised using
Zn(NO,),.6H,0 precursor at different time (0-3h)

Figure 4 shows the SEM images of the ZnO powders
prepared using Zn(NO,),6H,0 precursor. Even at t=0 min
(Fig. 4a), as confirmed by XRD data, large amount of ZnO
particle precipitation was observed. Precipitated ZnO does
not dissolve completely and dissolved gel begins to grow on
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the existing ZnO particles with branch rod like morpho-
logy during hydrothermal synthesis. After 3h (Fig. 4f), all
gel phase completely disappeared and branch rod like ZnO
particles which looks like flower with an average length of
5-7 um.

SEM images of ZnO crystals given in Figure 3 and
Figure 4 clearly show that crystal morphology of ZnO
particles was strongly affected from precursor type. ZnO
crystals grew as an individual ellipsoidal rod like with a
taped tip when used ZnCl, precursor, but branch rod like
ZnO particle with flower shape were formed when used
Zn(NO,),.6H,0O precursor.

In the light of the literature, these differences obser-
ved in the crystal morphologies can be explained with na-
ture of ZnO and suspension pH and characteristics. Each
crystallographic plane of ZnO exhibits different growth ki-
netics due to different attachment ratio of the growth unit
[Zn(OH),*] to crystallographic planes [8]. The order of the
crystallographic planes according to their growth rate in
ZnO is follows; V(0001)>V(I0IT)>V(1010)>V(I011)>V(0001).
Since the plane with greater growth rate disappears earlier
[7], the (0001) plane, the most rapid growing plane, disap-
pears during the hydrothermal process while other planes
grow, which leads to the pointed (taped) shape in and of the
c axis as observed in Figure 3f.

Different crystal growth rate along certain crystal
faces are also affected from various solution basiciti-
es. The acidic strength of the zinc oxide precursors af-
fects the crystal growth rate is in the following manner:
chloride>nitrate>acetate [2]. Since ZnCl, is acidic salt, it in-
duced chemical etching of the polar surface of ZnO and as
a result rods with tapered ends were obtained [4]. However
Zn(NO,),.6H,0 precursor which has a basic characteristic

yields the branches rod like morphology.

Morphology of the ZnO crystals is controlled by alte-
ring pH of solution. At lower pH, smaller petal like or rod
like ZnO crystals are formed where the nucleation is less in-
tense and the final crystals obtained an energetically more
favourable, elongated morphology. At higher pH, there are
larger numbers of strongly nucleophilic OH- groups, which
absorb to the Zn-terminated surfaces and hinder in plane
crystallization, while the prismatic planes grow without
constrain. Consequently at higher pH values the crystals
growth in the [0001] direction is hindered and the resulting
crystals are plate-like [6].

Effect of the cation concentration on particle size
and morphology

Figure 5 shows the SEM images of ZnO particles synthe-
sised from ZnCl, precursor at 100°C for 24 h with diffe-
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Figure 3. SEM images (10 pm) of ZnO powders synthesised using ZnCl, precursor at (a) 0 min (b) 1 min (c) 15 min (d) 30 min (e) 1 hand (f) 2 h

treatment times.

rent initial concentration ratios (0.25, 0.50, 0.75 and 1 M).

Individual ellipsoidal rod like ZnO particles with ta-
pered tip were formed at 0.25 and 0.5 M concentration
values given in Fig.5a and Fig.5b. With increasing initial
concentration to 0.75 and 1 M, ellipsoidal rod like ZnO par-
ticles were had a tendency to agglomerate (Fig. 5¢ and Fig.
5d). Average particle size of crystals determined from SEM
images decreased sharply from 12 pm to 3pm by length as
shown in Figure 6.

Figure 7 shows the SEM images of ZnO particles
synthesised from Zn(NO,),.6H,O precursor at 100°C for 24
h with different initial concentration ratios (0.25, 0.50, 0.75
and 1 M). As shown in Fig. 7a, ZnO particles with branch
rod like morphology formed at low cation concentration va-
lue (at 0.25 M). With increasing molarity of zinc nitrate so-
lution, flower like morphology was observed (Fig. 7b-d) and
average particle size of flower like particles increased from 5
pm to 12pm by length as shown in Figure 8.

Figure 4. SEM images (10 pm ) of ZnO powders synthesised using Zn(NO,),.6H,O precursor at (a) 0 min (b) 1 min (c) 15 min (d) 30 min (e) 1 h, and

(f) 3 h treatment times.
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Figure 5. SEM images of ZnO powders synthesised using ZnCl, precursor with initial concentration of (a) 0.25 M (b) 0.5 M (c ) 0.75 M and (d) 1 M.

Flower like branched ZnO particles produced from 0.5
M Zn(NO,),.6H,O precursor were also analyzed by using
scanning transmission electron microscope (STEM). STEM
image of such a particle is presented in Figure 9. As shown in
Figure 9, rods on the flower like particle were grown in diffe-
rent directions from center of the particle and all of the rods
were single crystals. Average particle size of a flowerlike par-
ticle was determined as 4-6 pm and average rod length and
width in this flower like particle were 5.843 pm and 0.549
pm, respectively.

Proposed growth model

The growth habit of ZnO crystal particles and the ef-
fect of reaction medium on the growth habit were suc-
cessfully explained by Li and co-workers [8]. In solution,
the growth unit of a crystal is the complex that is for-
med by the connection of cation with OH" ions. In the
supersaturation solution, zinc hydroxide gel dissolved in
the solution complex with OH" ions forms growth units
(Zn(OH)* ) by the attraction of ions as follows:

Zn(OH), (jel)+ 2H,O= Zn*+ 20H" + 2H,0 = Zn(OH)*, + 2H* 1)

Figure 7. SEM images of powders synthesised using Zn(NO,),.6H,O precursor with initial concentration of (a) 0.25 M (b) 0.5 M (¢ ) 0.75 M and (d) 1 M.
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Figure 6. Average particle size of ZnO synthesised using ZnCl,
precursor depending on cation concentration.

Since the growth unit (Zn(OH)*,) incorporating into
the crystal lattice take place by the dehydration reaction
between OH- ligands, the growth habit of the ZnO crystal
is related to OH- ligands at the interface or the reaction me-
dium [8,9].

Figure 9. STEM image of flower like ZnO particle produced from 0.5M
Zn(NO,),.6H,O precursor.

In our study, different particle size and morphology
of ZnO particles were obtained when different ZnCl, and
Zn(NO,).6H,0 precursor were used and this is consistent
with the previously reported studies.

It is clear that concentration of OH" ions and existence
of Cl'and NO, ions in the medium affect the growth mec-
hanism of ZnO particle. However, more works is needed to
be done for further understanding.

According to the obtained results in this study and the
literature, growth process of ZnO particles synthesized by
using different precursor can be simply illustrated as shown
in Figure 10. Starting with ZnCl, precursor, small amount
of ZnO phases (Figure 1, at t=0) precipitate on the unstab-
le simonkolloite phase in the initial stage of the synthesis
and new ZnO nuclei were formed from simonkolloite phase
during the chemical reaction. With increasing the reaction
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Figure 8. Average particlesize of ZnO synthesised using Zn(NO,),.6H,O
precursor depending on cation concentration.

time of the hydrothermal synthesis to 30 min, ZnO crystals
grow and large ellipsoidal rod like crystals of ZnO start to
appear (as shown in Figure 3). With increasing concentrati-
on of ZnCl, precursor, particle size of individual ellipsoidal

rod like ZnO crystals reduced as shown in Figure 5 and
Figure 6. Therefore, it can be concluded that zinc oxide
powders synthesized from ZnCl, precursor are grown via
classical nucleation and growth theory mechanism. In
the classical crystallisation mechanism, the crystal grows
from a stable nucleus in a supersaturated solution. Rai-
sing the concentrations of reactants makes the reaction
happen at a faster rate. Following a very fast nucleation
period the material crystallizes with a very narrow size
distribution. Since the reaction take place rapidly, partic-
les (kinetically favoured) need no more time to growth as
a result smaller particle is formed [8].

In the case of starting with Zn(NO,).6H,O precursor,
the small rod like ZnO crystals and zinc hydroxide complex
were coexist in the initial stage (Figure 4a). With increasing
the reaction time to 30 min, these phases dissolved and then
recrystallized as a branched rod like ZnO crystal. With inc-
reasing initial concentration of precursor, average particle
size of branched rod like particles increases and the flower
like particles are formed as shown in Figure 7b-d. According
to these results, it can be concluded that zinc oxide particles
grow via Ostwald ripening mechanism under such condi-
tions.

Ostwald ripening process is a spontaneous process that
occurs because larger crystals are more energetically favo-
red than smaller crystals. In this case, kinetically favored
tiny crystallites nucleate first in supersaturated medium and
are followed by the growth of larger particles (thermodyna-
mically favored) due to the energy difference between large
and smaller particles of higher solubility based on the Gibbs-
Thomson law [10]. The aqueous solution of zinc nitrate can
produce Zn(OH), in the presence of OH ions. During the
hydrothermal process, part of the Zn(OH), dissolves into
Zn* and OH . When the concentration of Zn* and OH- re-



Figure 10. Proposed growth mechanisms of ZnO particles synthesized from different precursor.

aches the supersaturation degree of ZnO, ZnO nuclei will
form spontaneously in the aqueous complex solution[7].

CONCLUSIONS

In this study, the dependence of the phase development
and particle characteristics of the resulting ZnO powders
on the precursors with initial concentration and synthesis
time was evaluated during hydrothermal process. Results
reveal that morphology and particle size of ZnO powder
can be controlled by different precursors. With using
ZnCl, precursor, agglomerated ellipsoidal rod like morp-
hology was formed whereas flower like morphology was
obtained with using Zn(NO,).6H,O precursor. Particle
size of ZnO crystals were also affected from precursor
type and initial concentration. With increasing concent-
ration of precursors, average particle size of ZnO crystals
was decreased from 12 pm to 3 pm using ZnCl, precursor
in contrast, it was increased from 5 pm to 12 pm using
Zn(NO,).6H,0. Accordingly, zinc oxide particles grow
via classical nucleation theory by using ZnCl, and Ost-
wald ripening mechanism by using Zn(NO,).6H,O. The
proposed growth mechanism was depicted as shown in
Figure 10.

These results are particularly important to demonstra-
te that ZnO powder can be synthesized in different size
and morphology by the hydrothermal method changing
precursor type and concentration. These results can be
successfully used in different application areas where de-
signing of the specific particle morphology is needed to
enhance the particle performance.
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through cross-sections with optical microscope and scanning electron micro-

scope. The results indicate that surface topography is the main factor control-

ling the stability of a hot-dip galvanizing coating and a surface topography with

intermediate roughness and sharp asperities formed with abrasive particles in
the range of 100 - 270 pm can produce suitable coatings on the silicon contain-

ing steels.

Keywords: Hot-dip galvanizing; Sandelin Phenomenon; Silicon containing steels; Fe-Zn

alloy layers

INTRODUCTION

Hot—dip galvanizing is a widely used process for
the protection of iron-based materials from
corrosion. Coating characteristics such as corrosion
resistance, thickness, appearance, and mechanical
properties are primary parameters in this process.
All of these parameters are influenced by the shape
and thickness of the Fe-Zn alloy layers formed during
galvanizing process. Chemical composition, geo-
metrical shape, surface condition and dipping time
of the parts to be galvanized and temperature of the
zinc bath affect the formation of Fe-Zn alloy layers
[1-15]. Silicon content higher than 0.03% in a steel is
regarded critical since it leads to a reactive behavior
that deteriorates the properties of hot-dip galvanized
coating. This behavior is known as Sandelin Pheno-
menon [1], which changes the structure of the stab-
le diffusion layers in the coating into another form
composed of fine and discrete { crystals surrounded
by n phase. The phenomenon causes an uncontrol-
lable growth in hot-dip coating galvanizing coatings,
which reach to a peak value at 0.08% Si as shown in
the Sandelin Curve [1]. The fast growing { crystals

leads to extremely thick coating layers, which cause
over consumption of zinc and form brittle coatings
with irregular thickness and poor surface characte-
ristics.

In addition to the composition, surface properties
of the steel also play an important role on the coating
properties [5-8]. A prior forming process modifying sur-
face topography subsequently may also alter the coating
properties. Effect of the surface topography on the coa-
ting behavior can be explained by concave and convex
surfaces produced on the steel in where the convex sur-
faces produce scattered alloy layers whereas the concave
surfaces favor the growth of iron rich regions producing
more compact and continuous layers [6].

To explain reactive behavior in hot-dip galvanizing
coatings, a different theory has been proposed by Vaz-
quez, which is called Reactive Zone Theory [15]. Accor-
ding to Vazquez, formation of subsurface oxide phases
and heterogeneous presence of Si rich regions in hot
rolled steel sheet affect the development of alloy layers
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during galvanizing. Presence of Si rich zones is considered
to be effective on over growing of { phase. However, para-
meters controlling the formation of Si rich regions have not
been clearly defined and the distribution of Si enriched re-
gions requires further detailed analytical work to be carried
out through extended surfaces.

Researchers have proposed various theories on the pa-
rameters affecting the coating characteristics [5-8, 15]. The
complexity of the parameters which comprise surface ro-
ughness, deformed layers and silicon content in subsurface
regions introduces difficulty in finding out a solution to the
problem. In this study, these parameters were isolated from
each other and the effect of each parameter on coating be-
havior was elucidated.

EXPERIMENTAL

Samples in size of 3 x 30 x 70 mm were cut off from hot
rolled steel sheets with silicon contents associated with
the Sandelin Curve, in where normal and reactive coa-
tings can be encountered (Table 1).

Galvanizing experiments were carried out in a zinc

bath at 450°C +2°C. The zinc bath contained 0.03% Fe,
which is the saturation level of iron at 450°C, 1.0% Pb to inc-

Table 1. Chemical composition of the samples.

diamond paste to obtain smooth polished surfaces with
negligible deformation.

Surface topography of the conditioned samples was
examined with Jeol 5600 JSM Scanning Electron Micros-
cope (SEM) and surface roughness (Ra) of the surfaces was
measured using Mitutoyo Surftest 301 Profilometer. For
cross-sectional examinations, the surfaces were electrolyti-
cally plated with nickel to avoid edge rounding during me-
tallographic sample preparation. The plated samples were
metallographically prepared according to the method exp-
lained by Jordan et al [16], which employs a series of grinding
and polishing steps and a final etching with 3% Nital soluti-
on (3 ml nitric acid and 97 ml ethanol).

Prior to galvanizing, the pickled, ground and polis-
hed samples were treated with flux containing 300gr/1
ZnCl,.3NH,Cl solution for 2 minutes at 60°C and dried in
hot air flow at 125°C.

For galvanizing, the conditioned samples were immer-
sed in the zinc bath for 10 minutes. Following galvanizing,
the samples were quenched in water so for sure to examine
only the Fe-Zn phases evolved in galvanizing process.

Thickness of the Fe-Zn phases was measured as a dis-

Sample C Si Mn P S Al
1 0.050 0.010 0.28 0.018 0.013 0.049
2 0.055 0.115 0.34 0.018 0.035 0.054
3 0.050 0.210 0.37 0.017 0.017 0.041
4 0.160 0.320 1.31 0.014 0.013 0.034

rease fluidity, and 0.010% Al to improve oxidation resistance.

The samples were first cleaned with NaOH of 100 g/l at
70°C for 10 minutes and then pickled with HCI of 25 vol. %
containing inhibitor Rodine 50 at room temperature for 10
minutes. Afterwards, a group of samples was ground with
60 grit SiC paper in order to generate a specific roughness.
Other group was first ground with 240 grit SiC paper, and
after a series of grinding process finally polished with 1um
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tance from n-€ interface to the steel substrate, excluding the
thickness of the outermost (1)) phase, which included dross
particles from the zinc bath.

RESULTS and DISCUSSION

The conditioned surfaces, and the cross-sections of the
subsurface regions are as shown in Figure 1. The surface
of the ground samples consist of valleys and ridges sha-
ped by the SiC particles on the grinding papers. Additio-



nally, slightly distorted layers were revealed on the cross- The polished samples exhibit a significant reactive be-
sections of the ground samples, in where the plastically ~ havior even on the steel containing 0.010% Si, which has pro-
deformed grains extended to the depth of 6 um from the  duced stable coatings with other treatments. In the polished

a) b) c)

d) e) f)

Figure 1. Surface topographies and cross-sections of the conditioned samples through SEM: pickled (a, d), ground (b, e), polished (c, f)

surface. Neither the pickled nor the polished surfaces ob-  sample, & phase layers become thinner where { phase over
viously revealed any plastically deformed grains on the  grows due to the reactive behavior (Figure 4a). It is proposed
cross-sections. The pickled surfaces exhibited cavities on

the surface, while the polished surfaces gave smooth pla- g™
nes with tiny abrasive traces. The roughness values of the 2 4001
mechanically formed surfaces were found considerably g 07
0 4
lower than that of pickled surface (Table 2) 2 juﬁ oA
S 250 1
& Tt
Table 2. Surface roughness of the conditioned samples. = 150 4 B
2 )
Surface roughness TR
Surface g ’ g
Ra (um) & 1
Pickled 2,21 0 T ‘ T T T T
Ground 0.80 0 005 01 015 02 025 03 033
- Silicon content (wt%)
Polished 0,02

Figure 2. Variation of the Fe-Zn alloy layer thickness with silicon con-

L X . tent as a function of the surface treatments: Pickling = A, Grinding = Z,
Variation of the Fe-Zn alloy layer thickness of the pick-  pqjighing - P

led and the polished samples with respect to silicon content
P P P that this enhanced reactive behavior is due to the exposure

bri t th 1 sh f the Sandelin C ith
rings Out The general snape o7 Te Sanden LUIVe WL 3 ot silicon rich substrate layers after removing oxidized top

peak at approximately 0.115%Si (Figure 2). Although this

behavior agrees with the results of the previous studies [6-8], surface layers by grinding and later on polishing. The steel

containing 0.115% Si shows a distinguished reactive behavi-

th d les without k in the Sandeli
¢ BTOUNC samples WIToU® @ peaic I The Sandelin range producing a very thick coating which is mainly composed

hibited a different th ted.
exhibiteda ciferent curve Hhan expecte oflarge crystals of a well defined { and surrounding ) phases

The pickled low Si containing steels produce a diffusi- (Figure 4b)

on controlled homogeneous coating structure consisting of o . )
The grinding produces a thin and compact coating

structure on the 0.010% Si containing steel, which is similar
to the pickled one (Figure 4c). Compared to the others, the
ground sample containing 0.320% Si yields a much thinner

the phases of {, § and I' as expected (Figure 3).

The coating structures on the other pickled samples of
higher silicon contents display similar characteristics of the

Sandelin Curve coating in this silicon concentration (Figure 4d).
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Figure 3. Effect of pickling on the coating structure of the steel conta-
ining 0.010 % Si.

It is seen that the surface characteristics developed by
60 grit SiC paper prevent an increase in the thicknesses of
the coatings on account of Si content (Figure 5). The coa-
tings generated on the ground samples with the 60 grit SiC
paper having 270 pm SiC particles are consistent with those
generated with shot blasting which has corundum particles

a)

c)

crystals according to the following reaction:

S .. +7Zn 0]

solid liquid - csolid

However, in the inward inclined surfaces, the Fe rich
compact and continuous layers cause the reactions to be
diffusion controlled. This explains the formation of stable
coatings in the inward inclined surfaces of the galvanized
pipes due to the blocking of zinc transfer and causing the
reactions to be more of the diffusion controlled type [14].

In the present study, the pickled and polished samples
with different surface topographies cannot produce Fe rich
compact and continuous § phase layers to inhibit the trans-
fer of the liquid zinc in the more reactive regions. However,
the samples ground with 60 grit SiC paper yield a characte-
ristic surface topography to form stable Fe rich alloy layers
with a dense Fe transfer from the concave surface of the val-
leys produced by the SiC particles.

b)

d)

Figure 4. a) Effect of polishing on the coating structure of the steel containing 0.010 % Si. b) Effect of polishing on the coating structure of the steel
containing 0.115 % Si. c) Effect of grinding on the coating structure of the steel containing 0.115 % Si. d) Effect of grinding on the coating structure of

the steel containing 0.320 % Si.

in size of 100-200 um [7], and grinding which has particles
in size of 125-250 pm [8].

The effect of surface topography on the reactivity can
be explained by the model proposed by Bablik et al [6] on de-
velopment of alloy layers on the concave and convex surfa-
ces of silicon free steels. According to this model, the convex
surfaces produce scattered alloy layers whereas the concave
surfaces favor the growth of iron rich regions producing
more compact and continuous layers. Thus, { phase crystals
on the convex surfaces allow the liquid zinc to penetrate to
the (-8 interface regions that cause the rapid growth of {
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CONCLUSIONS

Surface topography, i.e. the degree of surface roughness
and the surface shape is the main factor controlling the
stability of the hot-dip galvanizing coatings.

Therefore, a suitable surface topography for the steel
products to be galvanized should be generated and measu-
red with a reliable analytical method prior to galvanizing
process. Compared with the previously obtained results, it
can be suggested that intermediate roughness and sharp
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Figure 5. Variation of the Fe-Zn alloy layer thickness with surface ro-
ughness (Ra) as a function of silicon content in the ground samples.

asperities generated with abrasive particles having sizes in
the range of 100-270um can produce suitable galvanizing
coatings on the steels having silicon contents in the Sande-
lin range.
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ABSTRACT

Inclusions play an important role in the performance of steel products. In this respect, they

should be accurately characterized in steels. Developing computer technology and softwares

have been allowed to evaluate the inclusion content of a steel products by classifying and rating
numerous inclusions in a large number of fields through optical microscope. However, due to

the difficulties encountered in classification, it still needs experienced operators’ intervention,

and advanced tools like SEM-EDS for accurate results.

Keywords: Steel; Inclusion; Inclusion rating; Image analysis; Metallography

INTRODUCTION

Inclusions are non-metallic particles embedded in
steel matrix. The particles usually are compounds
such as oxides, sulphides, and silicates, but may be
any substance insoluble in the matrix [1]. Sims [2]
classified nonmetallic inclusions based on their origin
as endogenous and exogenous. The endogenous
inclusions are formed by the reactions in liquid
metal in steelmaking process and their formation is
dictated either by additions to the liquid metal or by
changes in solubility during the solidification process.
Oxides and sulphides are examples of endogenous
non-metallic inclusions in steels. The exogenous
inclusions in steels, on the other hand, occur as a
result of trapping of slag, refractories, and oxidized
metal that the liquid metal comes in contact with
during the melting and casting process [2,3].

While inclusions are advantageous for certain app-
lications such as machining and oxide dispersion streng-
thened steel alloys, under uncontrolled conditions they
can be deleterious to the performance of a steel product
[4]. Their origin, type, size, shape, number, and distribu-
tion may influence almost all properties of a steel such
as formability, machinability, weldability, fatigue, frac-
ture, creep, corrosion, and toughness [4,5]. Therefore,
inclusions should be identified, classified, and rated pri-
or to manufacturing processes of a steel product. Vario-
us techniques are available to monitor and characterize
the inclusion content of a steel. Microscopic technique
based on viewing a metallographically prepared sample
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through an optical microscope is still very valuable and
prevailing one among all known methods. In this met-
hod, the inclusions in a polished sample are observed
through an optical microscope and classified and rated
according to a standard method. Standard reference
charts depicting a series of typical inclusion configura-
tions (size, type, and number) in those standards have
been created for direct comparison with the microsco-
pic field of view [6]. Therefore, rating practically can be
done in comparison with the standard charts such as
ASTM E45 [7]. In these charts inclusions are assigned
to a category based on similarities in morphology, i.e. by
shape, size, concentration, and distribution.

Inclusions are classified into four categories cal-
led as type based on their morphology. Each of them is
classified into two subcategories based on their width
or diameter. Although the categories contain chemical
names that imply knowledge of their chemical content,
the ratings are strictly based on morphology. In ASTM
E45, the four categories, or types, are partitioned into
severity levels based on the number or the length of the
particles present in a 0.50 mm? field of view (Figure 1).

A-type and C-type inclusions are very similar
in size and shape. Therefore, they are distinguished
based on their color when viewed under the brightfield
illumination of an optical microscope, A-type as light
gray and C-type C as black. B-type inclusions consist of
at least three of round or angular oxide particles with
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aspect ratios less than 2 that are aligned nearly parallel to
the deformation axis. D-type inclusions are globular in
shape.

Figure 1. Classification of inclusions according to ASTM E45 [7].

As mentioned above, a common method for the
analysis of inclusions is the comparison of the microscopic
fields with reference charts. Manual method is rather time
consuming, thus restricted with limited fields, thanks to
the image analysis softwares a large number of inclusions
in numerous fields can be rapidly classified and rated
according to their morphological differences through
optical microscope [8]. However, due to the difficulties in
distinguishing sulphide, silicate, and oxide inclusions it still
needs experienced operators’ intervention, and advanced
tools like scanning electron microscope (SEM) equipped
with energy dispersive spectrometry (EDS) analysis for
accurate results.

MATERIAL AND METHODS

A sample was taken from a hot rolled S275 JRC steel she-
et in 3.5 mm thickness, which is suitable for wheel ma-
nufacturing. In wheel steels, elongated inclusions have
a deleterious effect on the performance of rim forming
and electrical resistance welding, therefore, the sulphide
and alumina type inclusions are principally modified by a
Ca-Si treatment in steelmaking process. During the Ca-Si
treatment, alumina/silicate type inclusions are converted
to molten calcium aluminates/silicates, which are globu-
lar in shape because of the surface tension effect at liquid
stage, and thus become harmless. The change in inclu-
sion composition and shape is known as the inclusion
morphology control. Following steelmaking process, cast
and solidified metal is hot rolled into final sheet thick-

ness.

The sample was mounted in bakalite so as to expose
the cross-sections parallel to rolling direction, ground with
180, 240, 320, 400, 600, and 1000 grit SiC papers, and polis-
hed with 9, 6, 3, and 1 pm diamond pastes on napless polis-
hing cloths. Subsequently it was washed, rinsed with ethyl
alcohol, and dried with blown air.

Inclusion content of the sample was viewed by Nikon

Epiphot 200 optical microscope (OM) at 100x magnifi-
cation, and the detected inclusions were analyzed by Jeol
5600 JSM scanning electron microscope (SEM) equipped
with Oxford energy dispersive spectroscope (EDS). Clemex
Inclusion Rating (CIR) software integrated with the optical
microscope was used to discriminate, categorize, measure
and rate the inclusions found in the sample.

The total analysis area was 37648 mm? Inclusions
were classified into four types and categorized into thin and
heavy series as shown in Figure 1. The results were expres-
sed according to ASTM E45 Method A [7].

RESULTS AND DISCUSSION

The first step for the automated inclusion rating system
is to adjust the light of optical microscope and to verify
the threshold. According to the gray level, the threshold
defines whether it is a sulfide or an oxide (Figure 2).

Figure 2. According to defined gray level, inclusions are detected
as a sulfide or an oxide.

During thresholding, difficulties were encountered in
discriminating the thin sulphide, silicate, and oxide type
inclusions since thin B and D-type inclusions were often
confused with thin A-type inclusions (Figure 3a-c).

SEM-EDS analysis was performed on the selected inc-
lusions to prevent any confusion. In this way, many thin
inclusions previously identified as B-type based on the
morphological appearance through optical microscope
were corrected as A-type with the aid of Mn and S peaks
(constituents of MnS) in the SEM-EDS spectrum (Figure 3b).

Additionally, the inclusions previously identified as
globular oxides were revealed as modified Ca-Al-O spinel
inclusions based on their SEM-EDS analysis (Figure 3d).
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Following the results of SEM-EDS analysis, threshold levels
in Clemex CIR software were redefined and the incorrectly
identified inclusions were converted to true ones. As shown
in Figure 4, the squares of a specific color indicate the worst
fields (thin and heavy) for each category.

microscopic fields, whereby large amount of steel products
could be analyzed in terms of inclusion content. However,
due to the difficulties encountered in classification it still
needs experienced operators’ intervention, and advanced
tools like SEM-EDS for accurate results.

Figure 3 (a) elongated and (c) globular inclusions through optical microscope, and (b) and (d) their SEM-EDS analysis at red crosses “+” in micrographs

respectively.

To validate the results, the detected inclusions in the
worst fields were reviewed. If a dust residue or polishing
scratch remaining from the sample preparation process was
detected as an inclusion, it was removed from the results.
The results were expressed according to ASTM E45 Met-
hod A (Table 1).

CONCLUSION

It is well established that inclusions play an important role
in the performance of steel products, depending on

their type, size, shape, and distribution. In this respect,
they should be accurately characterized in steels. Thanks
to rapidly developing computer software technology,
it allows inclusions to be evaluated according to their
type, size, shape, and distribution in a steel by classifying
and rating of numerous inclusions in a large number of

Figure 4. Total analysis area.
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Table 1. Clemex CIR report
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his study represents a high performance liquid chromatography (HPLC) method

for the detection of 5-hydroxymethylfurfural in pestil, kéme, jam and pekmez
samples. The linearity, selectivity, decision limit, detection capability, detection limit,
quantification limit, precision, recovery, ruggedness and measurement uncertainty of
the method were determined. The developed method, simple and accurate, showed
good recovery values (97-108%). The accuracy of the method expressed with the relative

standard deviation was below 6%. The detection limit and quantification limit were 0.03
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mg/kg and 0.10 mg/kg, respectively. HMF levels in pestil, kéme, jam, marmalade and

pekmez samples were determined using the validated method.
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INTRODUCTION

(HMF) is a furanic

compound formed under acidic conditions by the

“Hydroxymethylfurfurol

Maillard reaction or sugar dehydration [1]. Maillard
reaction is a non-enzymatic browning reaction,
occurs when foods including reducing sugars and
amino acids are heated. HMF is an intermediate
product of this reaction. Moreover, HMF formation
takes place during hexoses dehydration at lower pH
(< 5) via enolisation, for which the presence of amino
acid groups is not needed [2].

HMEF and its derivatives have been reported to
show toxic properties such as cytotoxic, genotoxic,
The
presence of HMF in foods has gained interest due to the

nephrotoxic, mutagenic and cancerogenic.
toxicological concerns about HMF. Although further
studies have revealed that HMF does not exhibit a

crucial health risk, it has been a matter of debate [3].

Although HMF is nearly absent in untreated foods,
it occurs in processed foods containing carbohydrates
such as bread, biscuits, jam, marmalade, honey and
fruit juice [4, 5, 6]. HMF amount tends to increase
during heat treatment and storage. Therefore, the

determination of HMF content can be used to evaluate
the effects of food processing industry and storage
conditions on the quality of food products [7, 2]. HMF
has been used to evaluate the sensorial properties of
food products. The changes in the color, flavor and taste
of food products during processing and storage are
related to the HMF content. Hence it is recognized as an
indicator of improper processing and storage conditions
[8, 9]. The Turkish Standards [10, 11] state a maximum
HMEF level of 50 mg/kg in pestil and kome and jam [12].
The established maximum HMEF levels are 75 mg/kg,
and 100 mg/kg for liquid pekmez, and solid pekmez in
accordance with [13].

In the past, a great number of the methods
developed for the detection of HMF in foodstuffs
were based on spectrophotometric techniques [14, 15].
Although spectrophotometric methods are fast, their
sensitivity and specificity are low. Chromatographic
methods have been used and developed to detect
HMF compounds in food products. UV detection of
High performance liquid chromatography (HPLC)
is mostly used method used for the determination of
HMEF in foodstuffs. Accuracy and sensitivity of the
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HPLC method are better than that of spectrophotometric
methods. Gas chromatography (GC)-mass spectrometry
(MS) analysis has been proposed for HMF determination
as well [5].

The methods for the determination of HMF have been
developed for primarily honey samples. Reliable, sensitive
and rapid methods are required to determine HMF in
different matrices because of the potential toxic effects of
HMF and quality control of food products. The goal of this
investigation was to develop and validate a sensitive, reliable
and rapid method for the detection of HMF in pestil, kome,
jam and pekmez. The proposed method was validated with
respect to decision limit, detection limit, quantification limit,
selectivity, linearity, precision, recovery and ruggedness.
Practising of the developed procedure to real samples was
carried out as well.

METHODS

Samples

Pestil, kome, jam and pekmez samples were collected
from a local market in Trabzon and Gumishane. All
samples were stored at 4°C until analysis.

Chemicals

Analytical chemicals and HPLC grade solvents were
obtained from Merck (Darmstadt, Germany). HMF
standard (99%) was bought from Sigma-Aldrich (St. Lois,
MO, USA). Membrane filters (45 nm) were supplied by
Millipore (Bedford, MA, USA).

Sample preparation

Specimens were homogenized by an Ultra Turrax mixer
(IKA, Germany). 5 g of the sample was dissolved with 25
mL water in a 100 mL flask, 0.5 mL of Carrez I solution
and 0.5 mL of Carrez II solution were added, later water
was added to the mark. The sample solutions were
filtered through 45 pm membrane filters. 100 puL of the
sample solution was injected to the HPLC-UV system.

Equipment

Quantitative analysis was carried out using an HLPC-
UV system (Agilent 1100 series, USA). The separation of
HMEF was carried on a C,; column, 250 mmx4.6 mm, 5
pum (Nucleosil, USA). The mobile phase, water-methanol
(90:10 v/v), was at a flow rate of 1 mL/min, wavelength at
285 nm.

Method validation

The HPLC method based the method for HMF detection
in honey samples was validated and applied to pestil, kome,
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jam, marmalade and pekmez samples of the International
Honey Commission [16]. The sensitivity, linearity,
decision limit, detection capability, detection limit,
quantification limit, precision, recovery, ruggedness and
measurement obscure of the method were ascertained
to validate the method for HMF analysis in the studied

samples.

Statistical analysis

Microsoft Excel 2007 (Microsoft Corp.,Redmond, WA,
USA) was used for data processing. Outliers were checked
and removed based on the Cochran test and Grubbs test.
Linear regression model was performed using the least
squares approach.

RESULTS AND DISCUSSION

Validation

Single laboratory validation was performed according to
Regulation 2004/882/EC. Performance characteristics
of validated method determined were selectivity,
linearity, detection and quantification limits, decision
limit, precision, recovery, ruggedness and measurement

obscure.

Selectivity

The selectivity of a method describes the ability to detect.
Before beginning the validation process, the selectivity of
method should be checked against naturally occurring
substances. Representative blank samples (#=20) were
analyzed and their chromatograms were compared with
the chromatogram of the spiked samples. As can be seen
from Fig. 1, no interference observed at the retention
time of HMF indicated that the proposed method was
selective for HMF analysis.

Linearity

A calibration curve was obtained by plotting the peak
areas of standard solutions which were the three series
of five different concentrations. The calibration curve
equation described as y = a (x) + b, where y is the peak
area of standard solution in terms of absorbance, x is
the concentration of standard solution in mg/kg. Good
linearity was obtained in the studied range, with R?
value higher than 0.999 (Table 1). Preparation and mass
concentration of calibration used for HPLC-UV and
some analytical parameters from the developed method.

Limit of detection and limit of quantification

The Limit of quantification (LOQ), lowest content of
the analyte which can be measured with reasonable
statistical certainty. If both accuracy and precision are



Table 1. Preparation and mass concentration of calibration used for HPLC-UV and some

analytical parameters

Main stock ) . S b
solution Volun’{es Vi (uL) of main stock solution diluted ® to 25 mL to be used Calibration concentration i(mg L™)
o as calibrator
(mgL?)
1st 2nd 3nd 4th 5th 1st 2nd 3nd 4th sth
1000 °
25 50 100 200 300 1.0 2.0 4.0 8.0 12.0
Calibration range (mg/kg) 1.0-12.0
Calibration equation y°=7036x-0.3
Regression coefficient 0.999

2 HMF standard was used 99% purified

b Dilution of V i of the stock solution to 25 mL with purified water, to produce calibrations i

¢y is the peak area of standard solution expressed in absorbance, x is the concentration of standard solution expressed in mg/kg.

Figure 1. A) representative blank sample B) spiked specimen

constant over a concentration rangearound the limit of
detection, then the limit of quantification is numerically
equal to 10 times the standard deviation of the mean of
0.2 mg/kg. The limit of detection (LOD), expressed as
the concentration, or the quantity, is derived from the
smallest measure, that can be detected with reasonable
certainty for a given analytical procedure. the limit
of quantification is numerically equal to 3 times the

standard deviation of the mean of 0.2 mg/kg. LOD and
LOQ were determined by analyzing ten samples spiked
with HMF (0.2 mg/kg) in accordance with Analytical
Detection Limit Guidance [17]. In order to estimation
of LOD, the standard deviation of the response (s) was
multiplied by the Student’s ¢-test value for ten replicates
and nine degrees of freedom. The forecasted LOD values

were confirmed according to the guidance [17] as well.

Table 2. The decision limit (CCa) and detection capability (CCP) values of the method calculated at the MRL (n=20) for the HMF

. Added Measured +S.D. Error a Added Measured +S.D. Error8
Matrix (mg/kg) (mg/kg) (64x50)  CMIk9) (mg/kg) (mg/kg) (1.64x5.0)  Co(mIk9)
Jam 0.03" 0.04 +0.02 0.03 0.06 0.06 0.05 +0.01 0.02 0.08
50.00° 50.50+0.88 1.44 51.44 51.44 50.65 +0.62 1.02 52.46
Liquid 0.03° 0.03 +0.01 0.02 0.05 0.05 0.04 +0.01 0.02 0.08
pekmez 75.00° 74.50 + 0.66 1.08 76.08 76.08 75.50 £ 0.79 1.30 77.38
Solid 0.03" 0.04 +0.02 0.03 0.06 0.06 0.04 +0.02 0.03 0.09
pekmez 100.00° 99.50 £1.06 1.74 101.74 101.74 100.50 + 0.98 1.61 103.35
Kome 0.03° 0.028 +0.01 0.02 0.05 0.05 0.048 £ 0.01 0.02 0.07
50.00° 49.80+0.74 1.21 51.21 51.21 50.80 +0.67 1.10 52.31
Pestil 0.03" 0.028 x 0.01 0.02 0.05 0.05 0.045 +0.02 0.10 0.07
50.00° 49.1+0.91 1.49 51.49 51.49 51.20 +0.72 1.18 52.67

2 limit of quantification, ® maximum permitted limit
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Table 3. The repeatability and within-laboratory reproducibility of the method, expressed with the standard deviation and the relative standard

deviation.
Intra-day (n=6) Inter-day (n=6)

Fortification Determined S Precision 0.66 X Determined Precision Horwitz
Analyte level level m Jk RSD, Horwitz level mR Jk RSD, valve (%)

mg/kg mg/kg 9/9 (%) value (%) mg/kg 9/9 (%)

25.00° 25.42 1.05 4.11 6.51 24.54 1.56 6.36 9.86
Jam 50.00° 48.93 1.69 3.45 5.86 49.73 1.17 2.35 8.88

75.00° 74.35 1.24 1.67 5.51 74.32 1.15 1.55 835

oo 37,50° 36.94 1.19 3.22 6.12 37.91 1.22 3.22 9.27

Liquid i

75.00 74.80 0.88 1.18 5.51 74-97 1.13 1.51 8.35
pekmez

112.50° 111.97 1.08 0.97 5.19 112.24 1.69 1.50 7.86
Solid 50.00% 49.63 1.39 2.80 5.86 49.86 1.17 2.35 8.88

100.00° 99.24 1.26 1.27 5.28 99.84 1.18 1.31 8.00
Pekmez .

150.00 148.30 0.97 0.65 4.97 149.85 1.72 1.15 7.53

25.00° 24.02 0.93 3.87 6.51 24.56 1.21 4.93 9.86
Kome 50.00° 48.96 1.07 2.18 5.86 48.87 1.25 2.57 8.88

75.00° 74.82 1.58 2.11 5.51 74.94 1.89 2.52 8.35

25.00° 25.96 0.93 3.58 6.51 23.59 1.21 5.13 9.86
Pestil 50.00° 51.23 1.07 2.08 5.86 50.80 1.25 2.46 8.88

75.00¢ 74.15 1.58 2.13 5.51 73.90 1.89 2.56 8.35

%0.5x MRL, “MRL, “.5xMRL

LOQ values were evaluated as ten times of the standard
deviation. The determined LOD and LOQ values for
HMEF substances were 0.01 mg/kg and 0.03 mg/kg,
respectively.

Decision limit and detection capability

Two new performance characteristic of decision limit
(CC,) and detection capability (CC[S), are submitted by
Regulation 2002/657/EC. CC_ refers to the above the
limit of samples concluded as non-compliant(a = 5 %) and
CC,refers the lowest content of the substances that may
detected, identified and/or quantified in a sample (f = 5
%). The CC_and CCj values were determined to analyze
20 blank samples fortified with HMF at the maximum
permitted limit (MRL) regulated by Turkish Food Codex
and Turkish Standards. Estimated CCa and CC, values
according to the following equations of the method were
calculated in Table 2.

CC_ = the concentration at MRL+ 1.64 x the standard
deviation of the fortified samples [1] CCB: CC_+1.64x the
standard deviation of the fortified samples [2]

Precision

Precision was determined by analyzing twelve empty
specimen spiked with HMF standard solution at the

94

concentrations of 0.5, 1 and 1.5 times MRL. For the
precision test, specimens were conducted in ten replicates
and analyses were fulfilled by the same operator in
one day. To determine the intermediate precision,
samples (ten replicates) were analyzed by two different
operators in three days over a month. The results for the
repeatability expressed with the standard deviation (S)
and the relative standard deviation (RSD,) and the results
for the within-laboratory reproducibility expressed with
the standard deviation (S,) and the relative standard
deviation (RSD,) are presented in Table 3. Both RSD
values at the three concentration levels were found to be
lower than the reference values (Table 3) calculated from
the Horwitz equation.

Recovery

Recovery is a measure of the accuracy. The reclamation
of the method was determined instead of trueness since
reference material cannot be available. Three different
concentrations of the HMF standard were added to
samples, 0.5, 1 and 1.5 times MRL. (25, 50, and 75mg/
kg for kome, jam and pestil; 37.5, 75, and 112.5 mg/kg
for jam; 50, 100, and 150 mg/kg for solid pekmez; 37.5,
75, and 112.5 mg/kg for liquid pekmez) were analyzed
to determine the recovery values. The recovery values
obtained ranged from 97.18% to 107.68% (Table 4),



Table 4. The recovery values of spiked samples at three different concentrations (n=6).

Sample Spiked level (mg/kg) [":Vae'l‘ (?Tf;;:;’;i”ed ?(,’f)a” Recovery S (mglkg) z/f)D
Jam 25.00° 24.60 98.40 0.44 1.79
50.00° 49.11 98.22 0.58 1.18
75.00¢ 73.62 98.16 1.05 1.43
Liquid Pekmez  37.50° 37.14 98.80 0.46 1.24
75.00° 76.33 99-04 0.53 0.69
112.50° 110.65 98.36 1.47 1.33
Solid Pekmez 50.00° 49.57 99.14 0.68 1.37
100.00° 99.69 99.69 0.96 0.96
150.00¢ 148.44 98.96 0.85 0.86
Kome 25.00° 26.92 107.68 0.64 2.38
50.00° 49.53 99.06 1.52 3.06
75.00° 74.12 100.2 0.93 1.25
Pestil 25.00° 23.92 98.83 0.64 2.68
50.00° 48.59 97.18 1.52 3.13
75.00° 74-54 99-39 0.93 1.25

20.5x MRL, °MRL, “1.5xMRL

showing good recovery values for the proposed method.

Ruggedness

Ruggedness of the method was evaluated by Youden test.
Eight experiments were performed to evaluate the seven
selected factors: extraction solution, specimen matrix,
specimen preparation, analyst, column temperature,
HPLC column and mobile phase. The standard deviation
of impacts was evaluated according the following
equation.

sp=25(E) g

Where E is each of the calculated effect, and n is the
number of parameters.

The influence of the factors on method performance
has to be checked applying the ¢-test [18]. The experimental
t-values for the factors were calculated according to the
formula given below:

t = Ei.\/ﬁ
"~ SDA2

(4]

The experimental ¢-values (Table 5) were found to be
lower than the critical value (¢, = 2.45 at 95% confidence
level), indicating that the method is sufficiently rugged
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against the changes in the procedure. As a result, the
proposed useful way was validated for the determination of
HMEF in pestil, kome, jam and pekmez.

Measurement uncertainty

the
mass,

used to calculate
measurement [19].  Volume,
calibration curve, reproducibility and repeatability of
the method, preparation of standard, accuracy and
reproducibility of the equipment were selected as sources
of uncertainty budget. The relative expanded uncertainty
of measurement was reckoned using a coverage factor
k=2, corresponding approximately 95% confidence
level. Expanded uncertainty value was 9.1% for HMF in
foodstuffs.

The validation data was
uncertainty

Application of the method to real samples

Pestil, kome, jam, and pekmez samples were analyzed
using the validated method. Pekmez, a traditional food
product in Turkey, is concentrated grape or mulberry
juice formed by boiling without the addition of sugar
and another ingredients [20]. Pestil and kome in Turkey
are made from both fruit juice and concentrated fruit
juice [21]. The HMF content of pekmez samples (solid
n:25 and liquid) was found to be ranged from 1.44
to 66.30 mg/kg, complying with the values set by the
Turkish Codex [13]. Available data on the HMF content
of pekmez is limited. Our results seemed to be higher

C. Baltaci and Z. Aksit./ Hittite ] Sci Eng, 2016, 3 (2) 91-97
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Table 5. Experimental design for the ruggedness study (50.0 mg/kg)

Factor Original parameters (A-G)

Changed parameter (a-g)

A. Extraction solvent Water
B. Sample matrix

C. Sample preparation Addition of carrezlandll
D. Analyst Analysts1
E. Column temperature 22 0C (Room temperature)
F.LC column

G. Mobile phase

250 mm’4.6 mm, s mm Ca8

Water/ methanol (9o/10v/v)

Pestil, kdme, jam, marmalade and pekmez

a. Water / Methanol (90/10 v/v)
b. Blank sample

c. No addition of carrezland I
d. Analysts 2

e.270C

f. 250x4.6 mm, 5pm, ODS 2

g. Water/methanol (8o/20 v/v)

+a -b 1 2 3 4 5 6 7 8 Ei Ei*Ei t

A a 49.3 48.6  49.2  47.9 -48.1 -48.2 -48.9 -51.2 -0.350 0.12250 0.21
B b 49.3 48.6  -49.2  -47.9 48.1 48.2 -48.9 -51.2 -0.750 0.56250 0.98
C c 49.3 -48.6  49.2  -47.9 48.1 -48.2 48.9 -51.2 -0.100 0.01000 0.02
D d 49.3 48.6  -49.2  -47.9 -48.1 -48.2 48.9 51.2 1.150 1.32250 2.32
E e 49.3 -48.6 49.2  -47.9 -48.1 48.2 -48.9 51.2 1.100 1.21000 2.12
F f 49.3 -48.6  -49.2  47.9 48.1 -48.2 -48.9 51.2 0.400 0.02286 0.04
G g 49.3 -48.6  -49.2  47.9 -48.1 48.2 48.9 -51.2 -0.700 0.49000 0.86

sD 1.06867

@ Original parameters, ® Changed parameters, E, is each of the calculated effects.

compared to the literature[22]. The HMF content of jam
samples (n:25) varied from 12 to 22 mg/kg. These values
were in agreement with data found in the literature [2,
8]. The HMF content of Pestil and kome (solid 7:25 and
liquid) was found to be ranged from 1.3 to 45.3 mg/kg.
These values were in agreement with data found in the
literature [23].

CONCLUSIONS

An method for the extraction of 5-HMF from food
samples and its subsequent determination using HPLC
with UV detection was validated according to Regulation
2004/882/EC. The validated method provides accurate
results and offers quick and economic procedure. The
conclusion can be derived that recommended method is
suitable for the detection of HMF in the food matrices
such as kome, pestil, jam, and pekmez.
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INTRODUCTION

ver the years, several articles have been
O appeared in many journals relating the integer
sequences to growth patterns in plants. Among these
integer sequences, Fibonacci sequence has achieved
a kind of celebrity status. It is famous for possessing
wonderful and amazing properties. For example, it
is defined by a recurrence relation, and the ratios of
its consecutive terms converge to the golden mean.
Since this sequence has very wide applications, ones
can find many interesting generalizations, i.e., one
of them is given by Stakhov [1]. Under the special
assumptions, the Fibonacci p-sequence reduces to
the classical Fibonacci sequence. In addition, Stakhov
and Rozin have presented number of properties and
many applications of the Fibonacci p-sequence [2].
Kilic has studied the combinatorial representations,
Binet formula and sums of Fibonacci p-sequence [3].

With the development of computer science and the
onset of the digital age, the usual Jacobsthal sequence
has extensively been investigated. It is defined by a
recurrence relation, as the Fibonacci sequence. Horadam
has given the important results for the Jacobsthal
sequence [4]. Cerin has studied the sums of the terms
of the Jacobsthal sequence [5]. In an investigation of the
integer sequence defined by a recurrence relation,

matrix theory has played an important and effective
role. Quite apart from pursuing the discovery of the
additional formulas by the matrix technics, the different
matrices for obtaining new results can be introduced.
Chen and Louck have investigated an nxn companion
matrix and shown the combinatorial representation of
the sequence generated by the nth power of the matrix
[6]. Considering the matrix theory, Koken and Bozkurt
have presented the Jacobsthal F-matrix and some results
[7]. In the literature, there exist many other references on
the subject which are not given here.

The object of this article is to give a new definition
for the generalization of the usual Jacobsthal sequence.
The generating matrix, the Binet formula, characteristic
equations,  generating functions, combinatorial
representations and sums of the terms of the generalized

Jacobsthal sequence are respectively studied.

Generalized Jacobsthal p-sequence

Generalization of Jacobsthal Sequence

First of all, the generalization of the usual Jacobsthal
sequence is denoted by ]p(n) and defined as follows:
for Vpe Z*and n > p+1,

‘]p(n)sz(n_l)_"z‘Jp(n_p_l) 1
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with initial conditions
J,()=9,(2)=-=3,(p+1)=1 . @)

Obviously, when p=1, the generalized Jacobtshal
p-sequence reduces to the usual Jacobtshal sequence. If the
generalized Jacobthsal p-sequence is extended to backwards
by using Egs. (1)-(2), the following statements are obtained:

‘]p(o):‘]p(fl):"':Jp(7p+l):0
2J,(-p)=1 3)
Jp(_p_l):‘]p(_p_z):"':‘]p(_zp+1):0

Depending the choice of the value of p, both the
recurrence relation and the initial conditions of considered
sequence change. Hence, it is difficult and troublesome
to compute the terms of the generalized Jacobsthal p -
sequence for all the values of p. To facilitate this process, the
generating matrix of the generalized Jacobsthal p-sequences
is now presented as in the form

1 0 0 2
1 0
10 e e 0
G, =|9; =i 0 .oob b
’ [gul"‘l)x(“'“ S (4)
: : 0 1 0 O
0 - = = 0 1 0]

Additionally, a new matrix is defined as follows:

F=[{ve) (o) v

{Vnz ’ }:I( p-+1)x( p+1)

where

v =t[3,(n) 3,(n-1) — J,(n-p)].

The matrix F_ will be called the generalized Jacobsthal
p-matrix later. It should be noted that, for p=1, the
generalized Jacobsthal p-matrix reduces to the usual form
given by Koken and Bozkurt [7].

From Eq. (1), the following matrix can immediately be
written

I:n+1 = GpFn . (7)

Then, the following theorem can be given.
Theorem 1 For any n;p>0,

F=G.". (8)

n P

Proof. To prove the theorem, the induction method on n
is used. Taking n=1 and considering Egs. (1)-(3), F1=Gp is
obtained. It is thus to be true for n=1. Now suppose that
Eq. (8) holds for any n-1, namely F_, = G *'. From Egs. (1)
and (7) and the assumption, G "= G G "' =G F_, =F is
found, which is the desired result.

Theorem 2 Let F_ be defined as in (5). Then,

detF, =2"(-1)" . ©)

Proof. Taking Theorem 1 into account, computing the
determinant of the matrix G, by the Laplace expansion
with respect to (p+1)th column and considering the
matrix identities, the proof can easily be obtained.

The following corollary can be written from the
fundamental matrix identities such that F _ =FF _ or
F__=F F_ It therefore is given without the proof.

Corollary 3 Let Jp(n) be the nth generalized Jacobsthal
p-number. Then

3, (nem)=3,(n)3, (m+1)+23 3, (n—p-1+i)J, (m+1-i). (10

Actually, for p-1, Eq. (10) becomes the well-known
following formula given by Koken and Bozkurt [7]:

J(n+m)=J(n)J(m+1)+2J(n-1)J(m).

Binet Formula and Generating Functions

In this section, the Binet formula and the generating

i=1

functions of the generalized Jacobsthal p-sequence will
be studied. To do this, the limit of the ratio of the adjacent
generalized Jacobsthal p-sequence for the case where
n — o is considered. First of all, the following definition
is introduced:

J,(n) (11)

lim———L_ —
(01
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The ratio of the adjacent generalized Jacobsthal p
-sequence is rearranged in the form

3,(n) 2
Jp(n_l)‘lp(n_z)“"]p(n_ p)
J,(n-2)J3,(n-3)---3,(n-p-1)

(12)

Substituting the last equation into Eq. (11), the
following algebraic equation for the generalized Jacobsthal
p -sequence is obtained:

xPt—xP-2=0. (13)

It should be noted that Eq. (13) possesses the (p+1)th
degree and (p+1) roots such as Xy Koo | according to the
famous “Fundamental Theorem of Algebra”. Also, when p=1

Eq. (13) reduces to well-known form for the usual Jacobsthal
sequence.

The Binet formula for the generalized Jacobsthal
p-sequence will be investigated. But the following lemma is
first recalled [3].

p-1
Lemma 4 Let a, = Lip=t Thena >a_ for any p>1.
p p r pt

Then, the following lemma can be written.

Lemma 5 The characteristic equation of the generalized
Jacobsthal p -sequence x”*!-x”-2=0 does not have multiple
roots for p>1

Proof. Let f(x) = x**!-x”-2. Suppose that a is a multiple
root of f{x) = 0. Note that o # 0 and o # 1. Since o is a
multiple root, fla) = o#*'-a?-2=0 and f(@) = & ((p + 1)
o—p)=0. Then, a = p/(p+1) Consequently,

P
—L[ P J +2=a,,+2

where F, = [fl./.].

Proof. To prove the theorem, a well-known method is

applied. Since the eigenvalue of the matrix G, are distinct,

this matrix is diagonalizable. It is easy to show that
G,V=VD,

where D = diag (A, A, .., A__). Considering the fact that

12 0 e Popa

Vandermonde matrix V is invertible, V“GPV = D. Hence,
the matrix GP is similar to the diagonal matrix D. So,

Considering Lemma 4, o,=1/4<1, and o>, forp>1,
a,,* —2, which is a contradiction. The equation f{z) = 0 does
therefore not have multiple roots.

Suppose that f{}) is the characteristic polynomial
of the generalized Jacobsthal p-matrix F . Considering
the identities of the companion matrix, then f(})=
W2, Also A, A, .., A, represent the eigenvalues
of the matrix G . By Lemma 5, it is known that each
of k, A, ..., A, are distinct from the other. Let A be
a Vandermonde matrix of order (p + 1) x (p + 1) as
follows:

(14)

In addition, the following column vector is defined:
dik _ [ﬂim p+1-i ﬂvzm pH-i ﬂpﬂm p+i :|T

The transpose of the matrix A is denoted by V, and V©
representsa (p+1 )x (p+1) matrix constructed by replacing
the jth column of V by d*. Then, the generalized Binet
formula for the generalized Jacobtshal p -sequence can
be given by the following theorem.

Theorem 6 Let ]p(n) be the nth generalized Jacobsthal
p-sequence. Then

det(Vj“))

— )

f =
U det(V)

p+l

p+1

F V=VD". Since F, = [f], the following linear system of
equations:

fud” + fizﬂﬁm1 +. fi,p+1 = %pmﬂfi
fud,” + fizﬂqpf1 + fi,p+1 = AQFHMH

p-1
+eet fi,p+1

fod, "+ A

_ p+n+1-i
i17"p+l - ﬂ“p+l

p+l

By the Cramer’s rule, the desired result is obtained.
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Consequently, the following corollary can be directly obtained from Theorem 6.

Corollary 7 For the nth term of the generalized Jacobsthal p-sequence,

) det(V,®) 1 det(V,.," )

p+l

7o) =G v) "2 det(v)

Now the generating functions of the generalized Jacobsthal p-sequence is presented by the following theorem.

Theorem 8 Let ]p(n) be the nth term of the generalized Jacobsthal p-sequence. Then for n > 1,

p .
x"=J,(n-p+1)xP+2> 3 (n—p+1-j)x* '

i

Proof. (Induction method on n) It is clear that the equation holds for n = p+1. Suppose that the equation holds for any
n > p+1. Hence, by the assumption and the definition of the generalized Jacobsthal p-sequence,

p .
X" =x"x=J (n-p+1)x"*+2> 3 (n—p+1-j)x’

i

=(3,(n=p+1)+23,(n-2p+1))x" +2J, (N=2p+2)x" " +---+2J (n—p)x+2J,(n=- p+1)

=Jp(n—p+2)x’)+ZZp:Jp(n—p+2—j)xj’l

=1
is obtained. So, the proof is completed.

Combinatorial Representations

Now the combinatorial representations of the generalized Jacobsthal p-sequence are investigated. First of all, introduce
the following companion matrix:

Cl 2 3 Ck
10 0 - O

C(c,C..nC)=|0 1 0 - O (15)
0 0 1 0

Also, recall that the following theorem which give the opportunity to derive the elements in the nth power of the matrix
Clel

Theorem 9 Let the matrix C = (cl.,.)kxk be as in (15). The element c[].(”) in the matrix C" is given by the formula

.+t +-+t +t, 4+t
Cij(n)(Cl,Cz,...,Ck): Z ka(tl 2 kjcltl“'cktk ’ (16)
(tinte) L+t e+t o, t

where the summation is over non-negative integers satisfying ¢ + 2¢, + ... + k¢, = n - i + j, and the coefficients are defined
as 1 for n = i-j.

Thus the following lemma can immediately be obtained from the above theorem without the proof.
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Lemma 10 Let the matrix Gp“ = [gl.l.(”)] be as in (6). Then,

j+L

gij(n) = Z

(mmps) My My et my

M +M, ++m, X[m1+m2+---+m

p+l m
jz -
w

ml’mz"u'mpﬂ

here the summation is over non-negative integers satisfying m +2m, +---+(p+1)m_,=n—i+j.

Finally, the following corollaries can directly be written from Lemma 10.

Corollary 11 Let/ (1) be the nth term of the generalized Jacobsthal p-sequence. Then

1 m

L3033

X
m+m, +-+m, [

where the summation is over non-negative integers
satisfying m, +2m.+ ... + (p+1)m_ =n+p.

0= % |

(Moo

p+l
m+m,+---+ mp+1 oM
m1'm2""’mp+1

where the summation is over non-negative integers
satisfying m, +2m,+ ... + (p+1)m, = n - 1.

Sum Formula

To find the sum of terms of the generalized Jacobsthal
p-sequence, certain methods are now used. To do this,
some generating matrices by extending the matrix G,
will be used. Let S_be the sums of the generalized Jacobs-
thal p-sequence as follows:

Snzé‘lp(i) (17)

Also, the following matrices are defined:

(1 00 -~ O OW
T= (18)
Gp
0
0 l

ml+m2+-~-+mp+l oM
ml’mz"n'mpﬂ

00 - 00
S

' (19)

o | S
I F,
Sn—p+l
L S”’p i

Thus, the following theorem can be given.
Theorem 12 For the matrices T and A,
A, =T (20)

Proof. (Induction method on n) When n = 1, it is clear
that the equation holds. Suppose that Eq. (20) holds for
n. On the other hand, by the assumption and §, 1 =/,
(n+1) + S,

T =T"T= AT=A

n+ly

which completes the proof.

Before the main result, the following useful lemma is
presented.

Lemma 13 Let ]p(n) be the nth term of the generalized
Jacobsthal p-sequence. Then, for all the integers n,m > 0,

p
Jo(n+m+p+1)=J (n+m+1)+2> I, (n+m-p+i)

103
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Proof. The proof can easily be obtained by the definition
of the generalized Jacobsthal p-sequence.

A new matrix is defined in the form

1 0 o - 0 0

1

R A A

1 ~ - ~ _

5 AT AT a0

W= : : ., (1)

1

_E /11 /12 j’p ;)'p+1

—% 1 1 - 1 1

where A, (i=1,2, .., p + 1) have been defined before.

Then the following theorem is given to compute the
sums of the generalized Jacobsthal p-sequence by using
matrix method.

Theorem 14 Let S, be as in (17). Then

1
S, :E(Jp(n+ p+1)-1)

Proof. Computing detW by the Laplace expansion of the
determinant with respect to the first row, detW=detV
is obtained, where V is defined as before. Hence the
characteristic equation of the matrix W is (x-1)x(x”-x7"-1).
It can be said from Lemma 5 that the eigenvalues of the
matrix W are 1, & ,..., 7‘,;+| and different from each other.

Therefore, TW=WD can be written, where D = diag (1, A

e kpﬂ). Consequently, AnW=W]-)“. The element (2,1)th

in the matrix A_= [a‘/]

Jp2ipen) 1S a,=S_, and by Lemma 13,

the desired result is directly obtained.
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CONCLUSION

In this study, the new generalization of the usual
Jacobsthal sequence is presented, which is called as “the
generalized Jacobsthal p-sequence”. The generating
matrix of this generalized sequence is given, and a few
important results are obtained by employing the matrix.
Also the generating matrix is extended to certain matrix
representations, and it is shown that the sums of the
generalized Jacobsthal p-sequence could be derived
directly by using the representations. Moreover the
generalized Binet formula, the generating functions and
the combinatorial representations of the generalized
Jacobsthal p-sequence are presented.
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reducing activity quantified essential oil in P. condensata were found as 198.28 GGA/L

and 10.90 % respectively.
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INTRODUCTION

dicularis L. is a large hemi parasitic genus

and, 12 taxa of Pedicularis are existing in
Turkey [1]. Traditionally, Pedicularis was placed in
Scrophulariaceae but, this genus has been transferred
to Orobanchaceae based on molecular evidence [2,3].
Iridois and phenylpropanoid glycosides were isolated
from P. condensata Bieb. [4]. Lignans glycosides,
flavonoids and alkaloids were also obtained from
some members of the Pedicularis as well as Iridois
and phenylpropanoid glycosides [5]. Some species of
the Pedicularis are used as traditional medicine by
Chinese people [5]. Lietal. (2014) also determined that
extracts of some species of Pedicularis from China
have antitumor, hepatoprotective, anti-oxidative,
antibacterial activity, antihaemolysis, fatigue relief
of skeletal muscle and nootropic effects. The genus
Pedicularis comprising about 500 medicinal herbs
and mostly endemic to China, is one of those genera
of this family [6]. Several species of this genus, e.g.,
P. muscicola, P. oliveriana, P. kansuensis and P.
rhinanthoides, have been using in Tibetan medicine
system [6,7].

The aim of this study was to investigate the major

volatiles and biological activities of the essential oil from
P. condensata by GC-MS/GC-FID. Furthermore, It was
also tested the bioactive properties of essential oil of P
condensata.

MATERIALS AND METHODS

Plant Sample Collection

Pedicularis condensata Bieb. was collected from
Ozkirtin-Kirtiin, Gumiishane: (40°40'25"K,
39°10’20”D at 1740 m above see level) in the North-
Eastern part of Turkey(A7) in Agust 2013. The plant
was authenticated immediately and air-dried at room
temperature for later analysis [8,9]. And a voucher
specimen (No. M. Gultepe 513 KTUB) was deposited
in the Herbarium of the Department of Biology,
Faculty of Science, Karadeniz Technical University,
Turkey.

Isolation of the essential oil: Crude essential oil of P.
condensata was obtained from the air-dried crushed
material (ca. 100g) by hydrodistillation in a clevenger-
type apparatus with cooling bath (-15 °C) system (4
h) (yield: 0.016 % (w/w)) [10,11]. The obtained oil was
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extracted with HPLC grade n-hexane (0.5 mL) and dried
over anhydrous sodium sulphate and stored at 4-6 °C
in a sealed brown vial. 1 mL of the extract was directly
injected into the GC-MS instrument.

Gas chromatography (GC) and Gas chromatography-
mass spectrometry (GC-MS) analyzes: The
chromatographic column used for the analysis was a
HP-5MS capillary column. The capillary GC-FID
analysis was performed using an Agilent-5973
Network System, equipped with a FID and
a split inlet. GC-MS and GC-FID analyses were as
described previously [10].

Identification of components: The identity of the
components was achieved from their retention indices,
determined by Kovats method using #-alkanes (C,-C,)
as standards. The constituent of oil was identified by
comparison of their mass spectra with those of mass
spectral libraries (NIST and Wiley 7NL) and data [12,13].
assessment:  All  test

Antimicrobial activity

micrrorganisms were obtained from Gumushane
University Food Engineering Laboratories. The oil was
dissolved in hexane to prepare chemical stock solution of
10000 ppm. The antimicrobial activity of the essential
oil were determined against to Aeromonas hydrophila
ATCC 7965, Bacillus cereus ATCC 33019, Bacillus
subtilis ATCC 6633, Enterobacter cloacea ATCC 13047,
Escherichia coli ATCC 11230, Escherichia coli O157:H7
ATCC 33150, Klebsiella pneumoniae ATCC 13883,
Listeria monocytogenes ATCC 7644, Proteus vulgaris
ATCC 13319, Pseudomonas aeruginosa ATCC 17853,
Salmonella typhimurium ATCC 14028, Staphylococcus
aureus ATCC 25923, Saccharomyces cerevisiae BC
5461, Candida albicans ATCC 1223 by using agar-well

diffusion method [14,15].

Determination of free radical scavenging activity:
Free radical scavenging activity of the samples was
carried out by DPPH method according to the literature
[16]. The measurements were performed in five times
and the results were averaged. The results were given as
% inhibition;

% Inhibition = (Control Absorbance-Absorbance of the
Sample / Control Absorbance) x 10

The amount of total phenolic: Folin-Ciocalteu method
used by Sagdic et al. was applied for the analysis of total
phenolic substance t amount [17]. The measurements
were performed in five times and the results were
averaged. The total phenolic substance amount results
were given as (GAE) / L sample being equivalent of mg

gallic acid. Calculations were done according to the as
described previously [18].

RESULTS AND DISCUSSION

The GC-FID and GC-MS analysis of P. condensata
is presented in Table-1. Altogether, 38
essential compounds were identified with HP-5MS

essential oil

column, representing 86.84 % of the total oil and the major
compounds were pentacosane (21.28%), hexadecanoic
acid (18.48%), tricosane (13.70), tetrahydro-2,5-dimethyl
furan (7.63%) and 6,10,14-trimethyl-2-pentadecanone
(7.33%). Chemical contents were characterized on the
basis of a typical library search and literature data [12, 19].

The compounds were seperated 6 classes, which
were terpenes or terpene related, alcohols, acids, esters,
hydrocarbones and others (Table 1).

Inliterature survey, 6,10,14-trimethyl-2-pentadecanone,
and (E)-f-damascenone compounds were found in GC-MS
analyzes of some Pedicularis species (P. sibthorpii and P.
wilhelmsiana) [20]. But other compounds showed large
differences. All chemical profile of the essential oils showed
big differences as in our case, which can be explained by the
environmentally, harvest time, locality and the subspecies
of the plant used.

Essential oil extracts of P. condensata exhibited different
inhibition levels against selected bacteria and fungi (in
Table 2). In the antimicrobial activity study, the inhibition
zone increased with increasing concentration of essential
oil extract. At 1000 ppm and 500 ppm concentrations,
samples exhibited remarkable inhibition activity against
bacteria, and bacterial inhibition of essential oil extracts of P.
condensata was stronger than those of fungi. However, the
essential oil extracts of plant showed antibacterial activity
aganist B.cereus, E.coli and Sal. typhimurium in the 1000
ppm concentration.

The essential oil exhibited weak antioxidant activity.
As shown in Table 3, essential oil of P. condensata were
reduce the radical activity DPPH to the yellow-colored
diphenylpicrylhydrazine. The effect of radical activity
DPPH was observed for the essential oil was %10.90. The
high relative total phenolic content of essential oil of P.
condensata were found as 198.28 GGA/L (Table 3).

In conclusion, It have been demonstrated that essential
oil of P. condensata contains high levels of total phenolic
compounds and shows reducing power and scavenging
effects on free radicals. The results in the study indicate
essential oil of P. condensata not only do not play a major
role as dietary antioxidants, but also may use strong
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Table 1. Identified Components in the Essentaial Oil of Pedicularis condensata BIEB.

Compounds RT(min) Area % Exp. RI
No Terpene or terpene related
1 Limonene 13.086 0.75 1031
2 a-Terpinolene 16.138 0.46 1101
3 (E)- 8-Damascenone 28.979 0.30 1389
4 Dehydro-8-ionone 30.219 0.16 1418
5 Geranyl acetone 31.745 0.40 1455
6 a-lonone 33.206 0.49 1491
7 Aromadendrene 33.349 0.21 1494
8 6.10.14-Trimethyl-2-pentadecanone 46.433 7.33 1847
Total 10.10
Alcohols
9 2-methyl-1-butanol 4.502 0.88 727
10 3-Penten-2-ol 5.135 1.53 770
11 5-methyl-3-heptanol 9.683 1.40 943
12 6-methyl-2-heptanol 10.038 0.52 952
13 2-Methyl-1.3-pentanediol 11.647 0.23 997
14 1-Hexadecanol 47.591 0.17 1882
15 trans-9-Hexadecen-1-ol 47.925 0.28 1891
Total 5.01
Acids
16 Hexadecanoic acid 50.539 18.48 1971
17 Oleic acid 55.780 0.63 2140
Total 19.11
Esters
18 Methyl-2-hydroxydodecanoate 40.356 0.15 1676
19 1.2-Benzenedicarboxylic acid. butyl 2-methylpropyl ester 47.287 0.84 1872
20 Hexadecanoic acid ethyl ester 51.324 0.22 1995
Total 1.21
Hydrocarbones
21 3.4-dimethyl-1-hexene 4.533 0.83 730
22 1-Tetradecene 29.725 0.16 1406
23 4-methyl-tetradecane. 32.062 0.19 1463
24 5-Octadecene 42.198 0.10 1761
25 Nonadecane 48.233 0.27 1900
26 Heneicosane 54.584 2.33 2100
27 Docosane 57.553 0.70 2200
28 Tricosane 60.428 13.7 2301
29 Tetracosane 63.194 1.62 2400
30 Pentacosane 66.506 21.28 2502
Total 41.18
Others
31 Furan. tetrahydro-2.5-dimethy!- 4.284 7.63 714
32 4-(Prop-2-enoyloxy)octane 10.998 0.36 979
33 Furan. 2-pentyl- 11.495 0.36 993
34 Benzothiazole 21.744 0.15 1225
35 1H-Indene. 2.3-dihydro-1.1.4.7-tetramethyl- 29.101 0.44 1392
36 3.7-Benzofurandiol. 2.3-dihydro-2.2-dimethyl 34.763 0.44 1530
37 13-Tetradecenal 38.062 0.12 1614
38 Pentadecanal 41.838 0.73 1716
Total 10.23
Total percentages 86.84
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Table 2. Screening Results for Antimicrobial activity of the Essential Oil of Pedicularis condensata BIEB.

Bacteria 1000 ppm

500 ppm 200 ppm 100 ppm

A. hydrophila

B. cereus 8.19+0.10
B. subtilis

Ent. cloacae

E. coli 5.05%0.10
E.coli O157:Hy

K. pneumoniae

L.monocytogenes

P. vulgaris

Pseu. aeruginosa

Sal. typhimurium 9.10%0.10
S. aureus

Fungus

Sac. cerevisiae

C. albicans

A.niger

A flavus -

Penicillum -

4.97%0.10

5.28+0.10

Table 3. Total phenolic content and reducing activity of P. condensata essential oil.

Sample Total phenolic content

Reducing activity

Essential oil of P. condensata 198.28 GGA/L

% 10.90

antibacterial agents. However, further investigations are
required to assay the antioxidant and antimicrobial effects
in vivo and to evaluate its relevance to human health.
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ABSTRACT

Auricularia polytricha, also known as wood ear mushroom, is a macrofungus. The aim
of study was to determine the antioxidant and antimicrobial activities of A. polytricha
extracts with two different solutions. We used ethanol and distilled water as a solvent in
order to prepare mushroom extracts. The water and ethanol extracts were evaluated for the
total antioxidant status according to the procedures described in TAS Assay Kit (Rel Assay
Diagnostics®, Turkey). Antimicrobial activity was investigated with disc diffusion method
against two gram positive bacteria, two gram negative bacteria and one yeast. TAS values of
ethanol extracts were determined higher than that of in distilled water extracts. In addition,
it was observed that ethanol extracts have antimicrobial activity whereas water extracts have
no antimicrobial activity. Ethanol extracts were more effective against Candida albicans (15.6
+ 1.5 mm) than other microorganisms. Significantly, ethanol extracts of mushroom showed
antifungal activity. Among other four test microorganisms, Pseudomonas aeroginosa (13.1
+ 1.9 mm) had higher antimicrobial activity. In conclusion, the investigation of antioxidant
and antimicrobial activities of edible mushrooms have become important for the discovery
of new antimicrobial agents. A. polytricha has both antioxidant and antimicrobial properties
against to C. albicans, E. coli, E. faecalis, P. acroginosa, and S. aureus. And also, other positive
contributions to health of this mushroom will be determined by means of the other studies

planned.
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INTRODUCTION

P 1 ushrooms play an important role in the carbon-
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When the mushroom is fresh, the structure

nitrogen cycle by breaking down organic
substance in nature [1]. In addition to its existence for
centuries, fungi have been used as nutritious food in
daily meal and therapeutic agent in medicine because
they are rich in protein, vitamins, and minerals [2].

Auricularia polytricha is a macrofungus that
is a member of Basidiomycota class and belongs to
Auriculariaceae family [3]. They grow in Asia, tropical
America, and other regions of the world [4]. The spread
of fungal spores of A. polytricha are present in high
amount during late July [5]. Culturing of this fungus
is not difficult but slow like some other fungi [6]. A.
polytricha is edible mushroom.

becomes rubbery, gelatinous, and ear-like. In contrast,
it becomes shapeless and brittle if it is dried [7, 8]. As
a consequence of its nutrient and medical value, the
consumption and cultivation of A. polytricha have
increased rapidly [9-12].

Up to now, some studies showed that lots of
different mushroom species have antioxidant, cytotoxic,
anti-proliferative, anti-diabetic, antimicrobial, and
anti-inflammatory effects [13-18] In addition, since cell
wall glucans of fungi indicates immunomodulatory
properties, their secondary metabolites are active
against bacteria and viruses [19, 20].The aim of the
present study is to evaluate the total antioxidant status

and antimicrobial effects of A. polytricha.
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MATERIALS AND METHODS

Preparation of Mushroom Extract

Auricularia polytricha was obtained commercially
(Agroma Food, Turkey). Dried mushroom samples were
grounded in a grinder using a 2 mm diameter mesh.
Then, they (10 g) were extracted in a Soxhlet extractor
sequentially with 250 ml of distilled water and ethanol
for 12 h. All the solvent extracted fractions were
subjected in a rotary vacuum evaporator (Stuart Rotary
Evaporator, RE300P). The residues were incubated a bit
more of dryness for a while in an oven at 40°C. The test
residues were prepared as stocks using ultra-pure water
and ethanol (1.5 mg/ml). After that, the extracts were
filtered with 0.45 micrometer pore diameter to sterilize
and tested for antimicrobial and the total antioxidant
works. Extracts were kept in dark at 4°C until executing
the experiments.

Determination of Total Antioxidant Status (TAS)

The water and ethanol extracts were evaluated for the total
antioxidant status according to the procedures described
in TAS Assay Kit (Rel Assay Diagnostics, Turkey). The
data were calculated as a novel automated measurement
method developed by Erel in 2004 [28]. In this method,
the Fenton reaction forms a hydroxyl radical which was
reacted with colorless substrate o-dianisidine. As a result
of this reaction, a bright yellowish-brown dianisyl radical
was obtained. The results were expressed as micromolar
Trolox equivalents per liter (pmol Trolox Eq/L).

Determination of Antimicrobial Activity
Microorganisms and Growth Conditions

Enterococcus faecalis (ATCC-29212), Staphylococcus
aureus (ATCC-25923) as gram-positive bacteria,
Pseudomonas aeroginosa (ATCC-27853) and Escherichia
coli (ATCC-25922) as gram-negative bacteria, and
Candida albicans (ATCC-10231) as fungus were grown
in order to investigate the antibacterial and antifungal
effects of A. polytricha. Nutrient broth and agar (Diffco)
were used for all microorganism culture. All strains
were obtained from culture collection at -20°C in an
appropriate medium containing 10% glycerol at Hitit
University, Faculty of Science and Arts, Department of
Molecular Biology and Genetic, Microbiology Research
Laboratory Culture Collection.

Disc Diffusion Method

The antimicrobial activity of mushrooms extracts
evaluated through disc method.
Microorganisms were activated two times in nutrient
broth and incubated at 37°C for 16-24 hours. After
the activation for two times, optical density (OD) was

was diffusion

n2

adjusted to approximately 0.600 (OD =~ 600) for all
microorganisms. 100 ul of culture suspensions were
inoculated on Mueller Hinton Agar (MHA). Sterile
prepared discs from Whatman Filter paper were placed
into petri dishes. 10 uL of extracts dissolved previously
within respective solvents (ultra-pure water and ethanol)
were poured and incubated at 37°C for 24 hours. All
inhibition zones were measured.

Statistical Analysis

Statistical analysis was performed on the data by SPSS
20.0 Bivariate Correlation Analysis (SPSS Inc., Chicago)
with statistical significance determined at P < 0.05. All
experiments were done in duplicate, and mean values
are presented. The results were expressed as means *
standard deviations (SD).

RESULTS AND DISCUSSION

Determination of Total Antioxidant Status (TAS)
of Extracts

In recent years, the antioxidant properties of mushrooms
have been widely reported by many authors [22-25].
Researchers reported that Auricularia polytricha
has lowering blood-fat, antioxidant, antitumor, and
immunomodulatory activities [26-28]. In the present
study, antioxidant activity of A. polytricha mushroom
extracts with ethanol and distilled water investigated
by TAS method is presented in Table 1. The antioxidant
activity of distilled water extract was found to be 0.91
pumol Trolox Eqv./L. In contrast, ethanol extract was
found as 0.73 pmol Trolox Eqv./L. When the antioxidant
capacities of the extracts were compared, the distilled
water extract of A. polytricha displayed higher capacity

than ethanol extract.

In the literature, several studies related to the
antioxidant activities of A. polytricha are present. In these
studies, both ethanol and water extracts of A. polytricha
have significant antioxidant activities determined using
different methods such as in vitro free radical scavenging
assays, DPPH assay and TAS assay [29-30]. In a previously
reported work, A. polytricha had high DPPH scavenging
activity [31]. Another study showed that A. polytricha,
which is among the edible mushrooms, had the strongest
radical scavenging and metal chelating activities in addition
to the highest polyphenolic and flavonoid contents [32].

Table 1. Antioxidant activities of A. polytricha extracts in water and
ethanol solvents.

Ethanol extract ~ Water extract

Total Antioxidant Status* 0.73

*Total Antioxidant Status were calculated as umol Trolox Eqv./L.

0.91




Determination of Antimicrobial Activity of A.
polytricha Extracts

Until now, antimicrobial activities of A. polytricha have
been studied in different solvents such as ethanol and
methanol. In a study, it was reported that A. polytricha
has moderate inhibition against gram-positive S. aureus
and gram-negative P. aeroginosa [32]. When using
methanol as solvent for extraction process, antifungal
activities of mushroom extract were inactive against
C. albicans whereas A. polytricha inhibited the growth
of E. coli and S. aureus [33]. In our study, antimicrobial

activity of distilled water and ethanol extracts of A.
polytricha was investigated against the test organisms.

Antimicrobial activity results of mushroom extracts are
summarized at Table 2. Ethanol extracts of A. polytricha
had antimicrobial activity while no antimicrobial activity
of distilled water extracts was observed against any of
the organisms. The diameters of inhibition growth zones
were measured as mm. As tested organisms, two species
of gram positive bacteria (S. aureus and E. faecalis), two

species of gram negative bacteria (P. aeroginosa and E.

coli) and one species of fungi (C. albicans) were used. In
ethanol mushroom extracts, the maximum inhibitory
zone was determined against C. albicans (15.6 + 1.5
mm) followed by P. aeroginosa (13.1 = 1.9 mm), E. coli
(10.6 + 1.9 mm), and E. faecalis (10.3 + 0.5 mm). In
contrast, the minimum zone of inhibition was obtained
against S. aureus (9.6 + 0.8 mm). All microorganisms
used in this study were found to have various degrees
of zone. Additionally, the inhibition zones of tested

microorganisms are shown in Figure 1 and 2. It could be
concluded that A. polytricha had a significant antifungal
activity and also was very active especially against Gram-
negative bacteria in contrast to Gram-positive bacteria.
All these results
prepared in various solvents including ethanol, water,

indicated that different extracts

and methanol can have various degree of antimicrobial
activity of A. polytricha. This situation could stem from
different antimicrobial activity on the microorganisms of
each solvent.

CONCLUSIONS

the antioxidant and

antimicrobial activities of edible mushrooms has become

Currently, investigation of
significant. We studied the antioxidant and antimicrobial
properties of ethanol and water extracts of A. polytricha.
Results showed that both water and ethanol extracts
have antioxidant activity. In addition, ethanol extracts
had antimicrobial activity on tested organisms; but,
antimicrobial properties were not determined in the
distilled water extracts. In conclusion, the investigation
of antioxidant and antimicrobial activities of edible
mushrooms have become important for the discovery
of new antimicrobial agents. A. polytricha has both
antioxidant and antimicrobial properties against to C.
albicans, E. coli, E. faecalis, P. aeroginosa, and S. aureus.
And also, other positive contributions to health of this
mushroom will be determined by means of the other
studies planned.

Table 2. Antimicrobial effects of ethanol extract obtained from A. polytricha

S. aureus ATCC E. faecalis ATCC P. aeroginosa ATCC E. coliATCC C. albicans ATCC
Mushrooms Extracts

25923 29212 27853 25922 10231
Ethanol extract 1z 9.6+0.8 10.3+0.5 13.1+1.9 10.6+1.9 15.6£1.5

Al 1.0 1.01 1.13 1.08 1.15

Water extract ND ND ND ND ND
Antibiotic 7.0+1.0 9.5+2.0 87+2.2 10.5%2.5 ND
Antifungal ND ND ND ND 10.5+1.5

Values are mean of duplicate readings (mean + S.D).
Antibiotic: Gentamycin; Antifungal: Flucanozole; ND: Not Determinate

1Z= Inhibition zone (in mm) includes the diameter of disc (6 mm); Al (activity index) = 1Z of test sample / 1Z of standard. Standards: Distilled Water (10ul/disc),

Sodium hypochloride 3% (10ul/disc), Hydrogen peroxide 1% (10ul/disc)
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Figure 1. Zones of inhibition of ethanol extract (10 ul) which is obtained from A. polytricha. C; Control- ethanol
without extract.
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