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Influence of Surface Roughness on Evaluation of
Stress Gradients in Coatings
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Abstract. Roughness influence on the residual stress gradieiuation in the case of a grazing
incidence X-ray diffraction setup is considered.ttiis geometry the surface roughness changes
essentially the X-ray wave fields of the transnditend diffracted beams inside the coatings and
subsurface regions of bulk samples, and thus infleg the refractive properties of the investigated
sample area. In turn, the change in the refradgtidex enforces the re-scale of the informational
depth and, consequently, the evaluated stress depfile. The diffracted amplitude from the
crystalline grain located beneath the surface Isutaed. The surface roughness is shown to
contribute into reconstruction of the real stresglgent profile of the coating.

I ntroduction

One of the measurement strategies for non-desteuatalysis of the residual stress gradient is
based on the experimental setup correspondingetgréizing incidence X-ray diffraction (GIXRD)
[1]. In this case the penetration deptand refraction inder strongly depend on the angles both for
the incident and diffraction beams and it leadsséasitivity of the Bragg peak position to the
normal coordinate of the scattering grain. Commarsgd theoretical treatmentaindn assume an
ideal flat surface [1], whereas experimental inigegions indicate the influence of roughness on the
stress evaluation results [2]. Therefore, the thigzal analysis of this effect is of great interst
applications, and especially for coatings.

Let us consider the qualitative estimate of therattaristic parameters of the problem. Fig.1
shows sketch of the beam traces when X-rays ateessd by the grain with the center located on
the depth Zunder sample surface. Roughness with the averagetitade u changes the electron
density in the transition layer with the charadticithickness . Thus, the phases of the waves
scattered by the grain and defining the Bragg pesition could be sensitive to the roughness when
Zi ~ u. From the other side, diffraction from the grawmultl be observable if;4s less than the
effective penetration depth which is defined byftvenula [3]:

= 1 sinasinf
U sina +sinf '’

(1)

whereyp is the linear absorption coefficient. In the GIXRBometryu<<1, and the roughness could
be important for the stress evaluationoifig in radian units)

UL = a. (2)
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Sketch of the X-ray diffraction from the grain dmetdepth Zin a sampleky andk; are the
incident and scattered wave vectdrgs the reciprocal lattice vector corresponding tadg angle
0(Z); o andp are the incident and exit anglasjs the root mean square of the Gauss roughness
distribution.

Calculation of thediffraction intensity

Distorted wave Born approximation (DWBA) isrther used for the rigorous analysis, which
permits to take into account the deviations of ith@dent and diffracted beams from the plane
waves due to scattering in the rough transitiorrdain this case, the differential scattering cross
section for the grain with volume; ¢entered in the point; s defined by the following expression

[4]:

di(Z) _ ks @+cos 6;)
dQ 3217

Lxa FI [ Ef(r +NZ,) expih(Z)r]E (r +NZ,)dr [ (3)

HereN is the internal normal to the surfade; is the absolute value of x-ray radiation wavevecto

in vacuum, & is a Bragg angley, is the Fourier component of the grain X-ray pdalbility and it

is supposed that the grains are distributed honemesty in the lateral plan&; andE; are the
incident and diffracted wave fields with arbitrgoglarization. These fields should be found as the
solutions of the Maxwell equations

[A+U(r)+KkZ]E(r) =0 4)

where the scattering potentidl(r) =k2x,H[z- , £ ( Jkpending on the rough surface forgr);

H(z) is the Heaviside step function. This form oatering potential enables to take into account
effects of roughness and refraction simultaneowslich are significant at small angles close to the
angle of total reflection. When the scattering pt#d is averaged over the roughness, it is spld i
the coherent (L)) and diffuse (i) parts. Diffuse scattering does not affect theggrpeak shift and
Uq(z) defines the form of the interface transitiopela If the Gaussian distribution function is used
for roughness, we obtain [4]:
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, 1 ¢ 2 s eh
U@ =kixoA@: M@= = j expl-— Tt - (5) o
s QL
Approximate analytical solution of Eq. 4 with thetential from Eq. 5 was found in [5]. For Q
example, the incident wave field has the followiagn: %
E.(r)=A, @explikgrgl; A (2) =[€" + R@E™][1-A(2)] + T(@e™A(2);
- , 6
q=k,sina;p= koqlsin2a+x0;R=ﬁexp(—2qpuz);T=% ©)

Diffracted wave field is defined by the analogoupression with the corresponding indices.
Total diffraction intensity from the whole salmps calculated by the summation opntat
transforms to the integral if the grains are dgtred homogeneously with the linear den&ity

i Qi A, @FIA @F 90-8, @z Q=x, |

, ki (L+cos 8,)

3 (7)

Heret is thickness of the sample and functibfp-0g(z)] describes the peak shape centered at the
angle6g(z). As usual, the peak shifid=[6g(z) — 0go] relative to the positiorg, for free crystal
defines the strain profile;j(z) [6]. The expression for the measured profi/ér,u) can be found
using the same arguments as in the paper [7]:

t

1A, @FIA; @F o, (22
o, (T,u) =2— : (8)
[IA @FIA, @F dz

In the considered case the measured profile dependthe penetration depth and roughness
amplitude. Eq. 8 reduces to the conventional Lapfaom [6] for ideal flat surface:

jexp(—z/ T)0; (2)dz
0; (1) = : n . 9)
I expFz/tdz

Information depth approximation

Practical ways for solution of Eq. 8 can be basedeast-squares fitting using model functions
for ojj(z) by analogy with the solution of Eq.9 [6]. Thenplest one is the information depth
approximation. For the fixed anglesandf (i.e. fixed penetration deptf) the measured strain is
defined then by the strain profilgj(<z>) at the depth<z>=t¢ with £ as the dimensionless
information depth calculated from the expressidn [1
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Using the same assumptions, the expression faotigh surface follows:

t/t gah
[yexpeyxy ¥
E=0 =1 0f t>>T. (10) i Q.
[expeyxy 'S

0 A

r

[IA@)FIA @) ydy
é(r,u) =% , (11)
[IAG@y)FIA @) dy

and thus the dimensionless information depth dep@mdthe ratio between the penetration depth
and roughness amplitude. Fig.2 shows several exangblthis dependence.
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Figure 2
Dimensionless information depth is represei®the function of the roughness amplituder
the TiCr;.xN coating on iron [8]. Minimal penetration deptt44 nm corresponds to the reflection
(111) with the incident angle=0.45. As for example, value less than the critical angle is also
considered in order to demonstrate more complicaép@éndencg(u) in this case.

The dependence of the information depth am rbughness influences the stress gradient
evaluation results. Fig.3 compares the resultshef dtress calculation in Or, N coating [8]
obtained for the model of ideal and rough surfaBesighness amplitude=14 nm was found from
the reflectivity profile and the strain was measiuby multiple (hkl) method [6]. The shift of the
information depth, however, is not essential fa tonsidered sample because the condition (2) is
not fulfilled. As for example, wo~1/3 for the Bragg reflection (111) and informatidepth
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increases5% as one can see from Fig. 2. The same valueeddtie relative shift of the calculated
stress profile at Fig. 3 if the roughness is takém account.
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Figure 3
Stress profiles for the sample with,Qi;xN coating [8] calculated on the basis of measured
multiple (hkl) data for models with flat and rougtirface.

Summary

Rigorous method for the stress profile evaluatiaking into account a surface roughness is
developed. The principal result is delivered by theegral equation (8), which connects the
evaluated strain profile with the measured by X-diffraction strains as a function of the
penetration depth and the mean square of rougharegditude. Furthermore, the inequality (2)
gives the qualitative estimate for the parametdérthe sample in case of the strong roughness
influence on the stress evaluation.
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