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Influence of surface roughness in depth profile analysis of the strain distribution in
surface layer using x-ray diffraction at small glancing angles of incidence
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The intensity of x-ray propagation in surface layer materials characterized by a complex
refractive index that changes continuously with depth was derived, and with use of the result, an
analyzing method for evaluating the depth profiles of the strain distribution in the surface layer
was studied. In this study, analyzing the incidence angle dependence of the scattered angles of
diffracted x-rays from polycrystalline in surface layer with surface roughness, the depth profile
of the strain in the surface layer is obtained. And, the influence of surface roughness in depth

profile analysis of the strain distribution is studied.
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1. INTRODUCTION

Knowing the residual stress of the surface layer
becomes important on the surface where the alloy was
plated for the strength improvement on the surface of the
material. The residual stresses in poly-crystalline surface
were measured using the glancing incidence x-ray
diffraction technique.

In the previous studies, the in-depth distribution of
residual stresses of the surface layer was estimated with
the use of the term of penetration depth [1,2]. These
estimations cannot be applied to the residual stress
distribution analysis of the surface layer materials as
multi thin films and compound plating layers with rough
surface and rough interfaces because the densities of the
surface layer materials change continuously in depth.

I therefore derived the x-ray intensity propagating
during the surface layer materials of which density
changes continuously in depth, and calculated the
dependence of the diffracted x-ray intensity on the
glancing angle. With the use of the analyzing method,
the depth profiles of the strain distribution in the surface
layer were studied [3,4].
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Fig. 1. The schematic of glancing incidence x-ray
diffraction at angle oy of incidence.
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The derived analyzing method can be applied to the
strain distribution analysis of the surface layer materials
of which densities change continuously in depth as the
surface with roughness and layers structure. In this study,
the influence of surface roughness in depth profile
analysis of the strain distribution is discussed.

2. ANALYSIS

Figure 1 shows the schematic diagram of glancing
incidence x-ray diffraction at small angle o of
incidence. The scattering plane is in xz-plane, x-axis is
parallel to the surface, z-axis is normal to the surface.
Scattered angle 6, of the diffracted x-ray from the crystal
plane with the strain in depth z is

6,=20,-2s,(2)tan b, + a,—a(z) , (1)
where & is the Bragg angle at stress free, oy is the
incidence angle, o(z) is the refracting angle and s,(z) is
strain in depth z in the direction normal to the diffraction
plane that has inclined by y from the surface. Figure 1
shows the effect of refraction on the scattered angle 6, at
small glancing angle o, where the effect of refraction
on x-ray exited from the surface is neglected.

In the condition of small glancing angle of incidence,
most of the x-rays are scattered by only shallow regions
near the surface. In the region, the stress o, in the
direction z normal to the surface can be neglected, i.e. o,
= 0. Here the isotropic stress, i.e. ox = o, = o'is assumed,
the strain &, is

2v

g =—_0o |, 2
=T g (2)

where v is the Poisson’s ratio and E is the Young’s
modulus.

On the stress estimation by using x-ray diffraction at
small glancing angle incidence, sin’y diagram method is
useful, but it becomes difficult to apply the method due
to its nonlinearity when a sample has stress gradient in
the surface, i.e. the co-axial stress ¢ becomes o(z); the
in-depth distribution of residual stresses. This difficulty
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is due to the changing strain with depth dependence to
the surface, i.e. the strain g, = g(z). The strain g,(z) in
the direction normal to the diffraction plane is related in
&lz) as,

g, =2, (-1 sin*y}. 3
2v

In the previous studies, the residual stresses <o> in
the surface layer was estimated with the use of the term
of penetration depth 7 as the following equation, [1,2]

<= ; [ otrexp(-2 e . “)

where 4 is specimen thickness, the effect of refraction
was neglected, i.e., a{z)=cy, and the penetration depth T’
was approximately shown as sinagy/ 1, where u is a linear
absorption coefficient.

With using above relation, the residual stresses <o> in
the previous studies was estimated as the following
equation [1,2],

0, :290+2tant90(2;~1+0

E sin” w); fo(z)exp(—{%)dz -(5)

However, these estimations cannot be applied to the
residual stress distribution analysis of the surface layer
materials as compound plating layers with rough surface
of which densities change in depth, because T is not
constant in these materials.

We therefore characterized the refractive index of the
surface layer materials with complex refractive index,
which changes continuously in depth, and derived the
x-ray intensity propagating during the surface layer
materials.

The x-ray intensity propagating during the surface
layer materials is derived first. The intensity of x-rays,
i.e., the electric and magnetic fields propagating in the
material, can be obtained using Maxwell’s equations [5].

The effects of x-rays on the material are characterized
by complex refractive index »n, which changes
continuously with depth. The material for which the
density changes continuously with depth is divided into
thin layers with thickness & The reflectance of
multiplayer system can be calculated using the recursive
formalism given by Parratt [6].

Let n; be the refractive index of the j-th layer, defined
as

m=1-6-ip; , (6)
where & and f are the real and imaginary parts of the
refractive index. These optical constants related to the
atomic scattering factor and electron density of the j-th
layer material. For x-rays of wavelength A, the optical
coustants of the j-th layer material consisting of Nj;
atoms per unit volume can be exprzessed as

AF ATr,
where r,is the classical electron radius and #}; and f5; are
the real and imaginary parts of the atomic scattering
factor of the i-th element atom, respectively.

The electric field of x-ray radiation at glancing angle
of incidence a is expressed as

E,(2)= Ayexp[i(k,-r-ot)] - (8)

Incident radiation is usually decomposed into two
geometries to simplify the analysis, one with incident
electric field E parallel to the plane of incidence

(p-polarization) and one with E perpendicular to that
plane (s-polarization). An arbitrary incident wave can be

represented in terms of these two polarizations. Eo, and
E,, are p-polarization, and E,, is s-polarization, and
those components of the amplitude’s electric vector are
expressed as

Ay =4y, sineg , Ay = Ay, Ay = Ay, cosa, ©
The components of wave vector of incidence x-rays are

2z .
k0X=2Zcosa0 s k=0, k= ;smao . 10

The electric field of x-rays propagating in the j-th
layer material is shown as

E (z)=A,expli(k,-r-k,(j-1)d-00] an
The amplitude A; of j—th layer is derived from continuity
equations for the interface between the j-1 and j layer as
shown by

A =D A, A, =4, explik,

J Jj-lz

d) (12)

By the condition of incident x-ray, the z-direction
component of wave vector of the j-th layer is shown as

kf,z=2/f\”j 2;(‘5‘”1’]’) . (13)
The Fresnel coefficient tensor for refraction on the
interface between j ~ 1 and j layer is given by
2n,a; +ib,)
n’(a,, +ib,)+n, (a, +ib)
_ 2a,, +ib,)
M (ay, +ib,)+(a, +ib))

2 2
-cos =
Jow

~ 2n, (a, +iby)
M n Mg vt e ik (14)

Using these equations, the electric field of x-ray
propagating in j-th layer is expressed as

E(z)= (f[ &) A, expli(k,, x+ djE: ky, +k, (z=(j-1)d) o)
* : (15)

where reflective x-ray in the interface in each layer is
assumed to be small enough.

The intensity of the refractive x-ray in j-th layer at
depth z is shown as

1(z)= (ﬁ¢,)AO.(ﬁI¢,)AO ‘exp{ -d Ar i, _4m b(z-(j-1)d) }

PR
(16)

Here, it is assumed that the intensities of the x-rays
diffracted from polycrystalline surface layer are in
proportion to the sum of the refractive x-ray intensity in
each layer of those polycrystalline, i.e., x-rays scattered
at different depth are assumed to be no interference, and
the influence on x-ray intensity by interference in each
crystal grain is disregarded.

Then the peak angle of the diffracted x-rays is shown
in the following equation,

[2tan 00(1;/" siny—l)e, (z)— a(2))(z)dz

[1)d

Oy(a,) =260, +a, +

, 17
where /(z), ofz) and &,(z) are function of the incidence
angle o , therefore 6, 1s function of oy .

The incidence angle dependence of the scattered angle
(o) of the diffracted x-rays can give good information
to investigate the depth profile of the strain distribution
in the surface layer materials of which densities change
continuously in depth as the surface with roughness and
layers structure.
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3. DEPTH PROFILING OF STRAIN DISTRIBUTION
UNDER ROUGH SURFACE

The strain distribution in the poly-crystalline surface
layer of the chromium coating steel was investigated.
Thickness of chromium layer was about 2 pum. The
surface roughness of the specimen was about 100 nm
(r.m.s) by measured with the stylus-type surface rough
meter.

Intensities of the diffracted x-rays on the chromium
coating steel were measured at various incidence angles
with Synchrotron radiation at SPring-8 BL24XU [7].

The scattered angles of x-rays diffracted from Cr
(310) by poly-crystalline chromium in the surface layer
are shown in Fig. 2. The increase in the scattered angle
6, at smaller incidence angle « is due to the effect of
refraction. Analyzing the incidence angle dependence of
the diffraction angle, the depth profiles of the strain
distribution in the surface layer can be derived.

At first, the incidence angle dependence of scattered
angle was calculated with the constant strain g, By
comparison with calculated and observed scattering
angle, the strain seems to decrease at smaller angle of
incidence.

Next, the incidence angle dependence of scattered
angle is calculated with the strain distribution in the
surface layer of the chromium coating as the following
equation model,

£:= —0.018{1— exp(— jj} ’ (18)

where the surface is assumed to be flat. Calculated
results for several strain distribution is shown in Fig. 2.
The calculation result of almost reproducing the
experiment result can be obtained by putting a suitable
parameter in the strain distribution model.

The experiment result is reproduced when assuming
=100 nm in eq. (18) of the strain distribution. However,
it has not been considered yet that the surface is rough in
this model.
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Fig. 2 Comparison between calculated and
observed scattering angle. The square dots
with error bar are experimental results. The
lines are calculated results with several strain
distribution models in the surface layer.
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Then, the incidence angle dependence of scattered
angle is calculated on rough surface, where the strain
distribution range » is 100nm in eq. (18). The surface
roughness is characterized with the root mean square
deviation o of the surface with respect to a flat surface.
The density p{z) of the polycrystalline chromium
coating in the depth z with the surface roughness of ois
expressed as

2
pu@)=[ \ ;w exp(- 2); J)dx : 19)
Then the effect of the surface roughness is reflected in
the refractive index n(z) and the intensity /(z) of the
refractive x-ray.

The estimation with using the term of penetration
depth T in the research before cannot be applied to such
material with the surface roughness since T depends on
the incidence angle. The calculation for the depth
profiling of the strain should be performed with using eq.
amn.

Figure 3 shows calculated results of the incidence
angle dependence on scattered angles for rough surfaces
of several roughness of o It is understood that the
scattered angle becomes small in the small angle 0.7~1.0
degree of incidence, when the surface roughness is large,
and to deviate from the experimental results.
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Fig. 3 Comparison between calculated and
observed scattering angle. The lines are
calculated results on rough surfaces of several
roughness of o, where the strain distribution
range r is 100nm in eq.(18).

Therefore, when surface roughness exists, it is
necessary to calculate in consideration both of the
surface roughness and strain distribution. As the result
of the calculation that simulates the observation, the
strain distribution in the surface layer of the chromium
coating is assumed as the following,

o= _0.019{1—exp(— z j} (20)

80
where the surface roughness oof 100 nm is considered
in eq. (19).

Comparison between calculated and observed
scattering angle of Cr(310) is shown in Fig. 4. The solid
line is calculated result. The experiment result can be

647



648 Influence of Surface Roughness in Depth Profile Analysis of the Strain Distribution in
Surface Layer Using X-Ray Diffraction at Small Glancing Angles of Incidence

reproduced by the fitting calculation with eyes guide,
but the depth profile of the strain distribution in the
surface poly-crystalline layers is different from the
results of calculation in the case of flat surface. When it
was not considered that the surface was rough, the
obtained surface strain is estimated smaller than the
value with the case to consider the surface rough.
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Fig. 4 Comparison between calculated and
observed scattering angle. The solid line is a
calculation result on rough surface with strain
distribution, where the strain distribution
range r is 80nm, and the surface roughness o
is 100 nm.

4. CONCLUSIONS

The x-ray intensities propagating during the surface
layer materials of which density changes continuously in
depth are derived, and analyzing the incidence angle
dependence of the scattered angles of diffracted x-rays,
the depth profile of the strain in the surface layer with
surface rough is derived. When it was not considered
that the surface was rough, the obtained surface strain
indicated a different value with that of rough surface. It
has been understood to have to consider the surface
rough to analyze the surface strain distribution
accurately.
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