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Abstract. The problem of quality control of galvanic coatings on the elements of 
liquid rocket engines is discussed. These elements designed for use in extreme 
conditions have complicated surface shape, and the thickness of coatings applied to 
them vary considerably. High requirements for continuity and variations in the 
thickness of these coatings determine the need for a comprehensive approach based 
on the use of several methods on different physical principles. In the present work 
approaches to the control of thin (5-15 μm) silver coating and thick (up to 700 µm) 
two-layered functional coatings of nickel and chromium are considered in detail. It 
is shown that in the first case, it is rational to use x-ray fluorescence method and in 
the second - magnetic method. The main formulas and experimental curves 
illustrating the accuracy of the measurement of the coating thickness distribution are 
presented. Specialized instruments designed to solve these problems are described. 
The results of numerous experimental studies of the coatings on the real parts of 
liquid rocket engines manufactured by NPO ENERGOMASH are given.  

Introduction  

Reliability of the liquid rocket engine is largely achieved by using special technological 
coating, in particular, such as nickel-chromium and nickel (thickness up to 700 μm) - for 
the thermal protection of the combustion chamber, and silver (5-15 μm) - for finned 
elements. The thickness of the coating, its’ uniformity and adhesion are strictly normalized 
parameters. Their compliance with the technical specifications is checked by NDT 
procedures. 
In this paper, we would like to share our positive experience in quality control of such 
coatings and the development of the specialized NDT devices that have already passed the 
real practical approbation and have significant advantages (reliability, the relative ease of 
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use and interpretation of results, high degree of automation) in comparison to the existing 
ones. 

1. Thick two-layered nickel-chromium coating 

1.1 Magnetic method 

The complexity of testing of the thermal barrier coatings (single-layer electroplated nickel 
(Ni) with a thickness up to 700 μm or double-layer nickel-chrome (Ni-Cr), the total 
thickness of which may reach 800 μm) is associated with the specific features of 
technological processes of their deposition. Nickel coatings may have different internal 
stresses, which have a strong influence on magnetic properties of Ni. Nowadays, reliable 
testing of the thickness of the nickel coating is only possible with the help of magnetic 
methods and the ambiguity of magnetic properties should be minimised. In the process of 
testing of the thickness of nonmagnetic chromium coatings deposited on the nickel 
sublayer, the value of the nickel coating thickness will considerably influence the 
measurement results in addition to its magnetic properties. 
One of the most accurate methods of measuring thickness is a magnetic ponderomotive 
method based on an automatic precision measuring tear force (attraction force) of the 
permanent magnet to the surface of the controlled coating. Its main advantages include the 
fact that information about the thickness of the nickel coating provides the area of the 
coating immediately adjacent to the contact point of the permanent magnet and the product. 
Therefore, the method has a high locality of control, and the influence of curvature of the 
surface and edge effect are minimal. The interaction of a permanent magnet with two-layer 
nickel-chrome coating can be described by representing the nickel coating in the form of a 
double magnetic layer and by using it for the analytical description of the tearing force of 
the permanent magnet from the nickel–chromium coating (Fig. 1) the expression derived in 
[1]. 
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Fig. 1. Basic geometrical parameters of interaction of a permanent magnet with two-layer structure 

in the form of nickel-chrome coatings 
 

,   (1) 

 
where k – coefficient of proportionality, that depends on the constructive features of the 
device used for measuring the force of attraction of the magnet to the surface;   - 
magnetic susceptibility; m – magnetic charge of the permanent magnet, centered at the 
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location of the pole; а - pole distance; hCr is the thickness of the chromium coating; hNi.– 
the thickness of the nickel coating. 
Analysis of the equation (1) allows to make the following main conclusions about the 
measurement of the thickness of the double layered coating by the magnetic ponderomotive 
method.  
1. Taking into account assumptions made about the double magnetic layer, the attraction 
force of the permanent magnet is directly proportional to the thickness of the nickel coating 
hNi.  
2. Given that  a, the third term in brackets in equation (1) is much less than a second 
one, the attraction force of the permanent magnet will decrease with increasing thickness of 
the nonmagnetic chromium coating . 
A practical interest is found in the consideration of the influence of the pole distance a on 
the sensitivity of the measurement of the thickness of the nickel and chromium coatings.  
According to the formal theory of magnetism the magnetic charge m in the first 
approximation can be represented as the product of the magnetization of the permanent 
magnet Jp.m. in the area of its cross section Sp.m., which, as can be seen from Fig. 1, is equal 
to . And the equation (12) can be re-written in the following form: 

 

   (2) 

 
From the equation (2) let’s single out the value of the attraction force of the permanent 
magnet to nickel coating only , i.e. in the case when : 

 
    (3) 

 
From equation (3) it follows that in order to increase the sensitivity of measuring of the 
thickness of the nickel coating it is necessary to increase the magnetization of the 
permanent magnet and its pole distance. As for the magnetic susceptibility  of the 
material, the macro - and microstresses in the coatings [3] will have a significant influence 
on its value. It is known [4, 5] that the magnitude of internal stresses in the coating depends 
on the conditions of deposition – the composition of the electrolyte, temperature, current 
density, and for the thin coatings -  the base of the material. At the same time, small 
changes in the conditions of deposition can even lead to changes in the sign of the stresses 
[5]. Mainly, the effect of internal stresses on the measurement result is observed in the 
middle by the value magnetic fields. In fields close to the magnetic saturation, we can 
assume that the magnetic susceptibility of the material is a constant value. 
Thus, for the purpose of measuring the nickel coating thickness , conditions of 
increasing sensitivity and achieving permanence are the same and require to use the 
permanent magnets that create a strong external field due to the high magnetization and 
large pole distance. 
To conclude the consideration of theoretical bases let us define the optimal conditions for 
measuring of the thickness of non-magnetic chromium coating . Solving equation (2) 
and (3) together, we will arrive at: 

 

    (4) 

 
Equation (4) describes the change in the force of attraction of the permanent magnet 
depending on the thickness of the chrome coating , in which a scale factor is the force of 
attraction to the uncoated nickel coating F0. Equation (4) implies that for a reliable 
measurement of the thickness of the chromium coating a sufficiently high value of F0 is 
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required and, since the third term in the brackets is much less than the second, the smallest 
possible pole distance a  is required as well.  
The final requirement - the decreasing of the pole distance - is at odds with the requirement 
relating to the measurement of the thickness of the nickel coating. It is therefore advisable 
to use as the sensors the permanent magnets with different pole distances for determination 
of the thickness of the nickel and chrome coatings. In order to measure the thickness of the 
nickel coating it is required to use a permanent magnet with a large pole distance, while in 
order to measure the thickness of the chrome coating – with a small pole distance. In both 
cases, permanent magnets should have a maximum value of the magnetization or the 
residual induction. 

1.2 Experimental setup 

Verification of theoretical bases was performed with the help of thickness meter TEP-1, 
developed in the laboratory of the contact-dynamic methods of control IAP of NAS of 
Belarus, structural diagram of which is shown in Fig. 2. 

 

     

     (a)     (b) 
Fig. 2. Structural scheme (a) and general view (b) of the magnetic thickness tester TEP- 1 

 
The thickness meter contains a balanced lever arm 1 attached to a permanent magnet 2, the 
elastic element 3, the tension mechanism 4, the unit of measurement of the attraction force 
of the permanent magnet 5, the information processing unit and display of measurement 
results 6. For experimental determination of the thickness of two-layer nickel-chrome 
coatings and to ensure the greatest sensitivity and accuracy we used two devices with 
permanent magnets, which have magnetization of about 1000 kA/m (residual induction of 
about 1.2 T). 

1.3 Results 

Fig. 3 shows the dependence of the tearing force F of the permanent magnet on the 
thickness of the nickel-chrome coating (h = hNi + hCr). Curve 1 represents the dependence of 
the tearing force F on the thickness of the nickel coating hNi and it is characterized by a 
rising tear force with increase in the thickness of the nickel coating with the absence of 
chrome coatings. This dependence fully corresponds to the equation (3). It is the calibration 
curve for the measurement of thickness of nickel coatings. Curves 2 - 8 represent the 
dependencies of the tearing force of the permanent magnet and various values of the 
thickness of the chrome coating deposited on nickel coating of different thickness. 
As seen from Fig. 3, the tearing force of the permanent magnet decreases with the 
increasing thickness of the nonmagnetic chromium coatings. Moreover, the intensity of 
reduction of the tearing force differs and depends on the initial value of the thickness of 
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nickel coating, which corresponds to the equations (2) and (4). If we use the permanent 
magnets with high magnetization and coercive force during the measurement of the 
thickness of the nickel coating the calibration dependence of F(hNi) regardless of the state 
of coating structure (magnetic susceptibility ) describes a unique function (curve 1). At 
the same time, the dependence of the tearing force of the magnet versus the total thickness 
of the nickel-chrome coating F(h = hNi + hCr) cannot be described by a single dependence. 
The main conclusion that derives from Fig. 3 is that the tearing force of the permanent 
magnet versus the thickness of the chrome coatings regardless of the original value of the 
nickel coating have the appearance of straight lines, but with different inclination angle γ of 
deviation from the curve F(hNi), depending on the thickness of the nickel coating. 
The slope of the straight lines 2-8 has a tendency to decrease with decreasing thickness of 
the initial nickel coating. And at a relatively small value of hNi < 200 µm the tearing force 
of the permanent magnet from a two-layer coating practically does not depend on the 
thickness of the chrome coatings in a fairly wide range of changes in hCr (line 2). 
As noted above, we can increase the sensitivity of measurements of the thickness of the 
chrome coating, if we use a permanent magnet with a small pole distance. However, a 
relatively small magnetic field intensity, due to the small pole distance, does not allow 
avoiding the influence of internal stresses in the nickel coating. In this case, in order to 
obtain calibration curves, which allow getting a precise value of hCr, you must first of all 
perform measurements with help of the magnet with a small pole distance on the uncoated 
nickel sublayer. The result of measuring the tearing force should be considered the zero 
value - that is - to bind the results of the measurement to the initial zero value of the 
thickness of the chrome coating on the uncoated surface of the nickel coating. 

 

 
Fig. 3. The dependence of the tearing force of the permanent magnet on the thickness of the nickel coating in 

the absence of chrome coatings (curve 1) and from the total thickness of two-layer coatings (curves 2-7) at 
different initial thickness of the nickel coating 

 
Fig. 4 shows a nomogram for determining the thickness of chrome coating deposited on a 
nickel coating, which includes a set of curves F(hCr) with different points of departure from 
the ordinate ). 
The abscissa axis shows the values of tearing force (readings) of the devices with a magnet 
with small pole distance, in relative units on the uncovered surface of the nickel coating 

. This nomogram was drawn by layering non-magnetic films (chrome coatings 
simulators) with the thickness 50, 90, 125 and 200 microns on the nickel coating with the 
thickness of 200 and 700 μm. The upper curve F(hCr)  corresponds to a nickel substrate 
with a thickness of 700 μm and the value of  relative units. Lower curve 
corresponds to 200 µm and the value of  and 20 relative units. Intermediate 
curves F(hCr)   were constructed by dividing the segment of the ordinate  20-100 
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relative units into 8 equal parts and drawing the curves F(hCr) in a similar manner to the 
upper curve  with scale multiplier , that is 

. 

 

 
Fig. 4. Nomogram for determining the thickness of chrome coating 

 
The nomogram presented in Fig. 4 allows determining the thickness of the chrome coating. 
At first we should to measure the tearing force on the nickel coating , free from 
chrome, and then at the same point of the surface we should measure the tearing force after 
the deposition the chrome coatings . 
A distinctive feature of the devices TEP-1 is the high accuracy due an insignificant random 
error. The coefficient of variation, equal to the ratio of the standard deviation to the mean 
value of the coating thickness during the measurement the thickness of the nickel coating in 
the range of 250-600 μm does not exceed 2%, and when measuring the thickness of the 
chrome coating in the range of 50-150 μm is about 5%. In addition, the implementation of 
the sensor device in the form of an elongated probe with a permanent magnet on the end, 
gives the possibility to measure the thickness of coatings in hard to reach places of the 
products. 

2. Thin silver coating 

2.1 X-ray fluorescence method 

To prevent damage of the thin silver coating, measurement of its thickness should be non-
contact. X-ray fluorescence method based on registration the intensity of the characteristic 
X-ray radiation emitted by the chemical element of the coating seem to be an optimal 
solution. This method is almost insensitive to the conductivity of the substrate and coating, 
applicable to the coatings deposited onto the substrate by electroplating or using plasma 
technology and provides more accurate results than other methods (ultrasonic, eddy current, 
beta - albedo). Fig. 5 shows a scheme of silver coating thickness measurement using X-ray 
fluorescence method. Our device based on this method allows control of the coating 
consisting of the elements with atomic numbers Z ≥ 15 and allows in addition to the 
thickness measurement simultaneous control of its uniformity, composition and purity. 
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Fig. 5. Scheme of silver coating thickness measurement 

2.2 Experimental setup 

Inspected object is exposed at a right angle to the collimated beam (Ø 0,8 mm) of 
X-ray tube (U = 45 kV, I = 100 μA). In this case, X-ray characteristic radiation of the 
chemical elements of the coating, substrate and possible impurities is excited. For each 
chemical element characteristic radiation has a well defined energy. For the measurements 
we use energy values of K emission series for the elements with atomic numbers from Z = 
20 (calcium) to Z = 50 (tin) and the L-series for the elements with atomic numbers 70 ≤ Z ≤ 
92. In the case of measuring the thickness of the silver coating, K-alpha emission value of 
the silver (with energy E = 22.16 keV) and copper (with energies E = 8.05 keV and E = 8.9 
keV) are used [6]. 
Evaluation of thickness (and elemental composition) is carried out by remote non-contact 
measurement of spectral characteristics (peaks) of X-ray elements and further analysis of 
the peak areas for the coating and substrate. To improve the quality of measurements 2 
types of filters between the test sample and the detector can be used: differential filter to 
increase the contrast of silver K-line (E = 22.16 keV) and filter made of lightweight 
material (Al, Si) to reduce the intensity of the strong line of the sustrate (the copper K-line 
E = 8.05 keV) and the background due to the exclusion of overlaps. 
Physical sensitivity of the method allows confident measurements of the coatings thickness 
in the range 1-30 μm with an accuracy better than 5%.  
For the calibration of the gauge we use a set of reference samples of a silver coating on a 
copper substrate. For each sample, dependence Nj(Tj) between counting rate in the silver 
“gate” Nj and the coating thickness of standard samples Tj was measured. The 
measurement results are shown in Fig. 6. 
The dependence of the counting rate on the thickness of the coating should be described by 
the expression: 

 
N(T) = N0 +- (N∞-N0)*(1-exp(-mT)),     (5) 

 
where m - self-absorption coefficient of Ag Kα, N0= N (T = 0) - the count rate from the 
substrate (zero thickness), N∞ = N(T → ∞) - count rate of the "infinitely thick" coating (T> 
150 microns). 
From the above data a calibration curve was determined (Fig. 6) which allowed to calculate 
m = 0,049 (μm-1). The upper value of thickness measurements is limited mainly by two 
factors. 
1. Self-absorption of the characteristic radiation of the coating material in the coating 
thickness. For silver, the thickness of the half-absorption layer basis (E = 22,16 keV) is 
about 40 μm. This means that the radiation emitted from the sample depth of about 120 μm, 
almost does not contribute to the measured signal. 
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2. The penetration depth of the exciting radiation into the material. When using the X-ray 
tube with voltage of 45 kV, the maximum energy of the radiation emerging from the tube 
Emax = 45 keV. The emission spectrum of braking radiation is continuous with a broad 
maximum near E ≈ 30 keV. The thickness of the silver half-absorption for energies 30 keV 
and 40 keV is about 20 μm and about 40 μm, respectively, and the penetration depth in the 
coating material (silver) is about 60-90 μm [7]. 
For these reasons, the dependence of the counting rate of the characteristic radiation onn 
the coating thickness is non-linear, and from a certain thickness the saturation occurs. 
 

 
Fig. 6. Measurement results (red dots) and calibration curve (blue line) 

2.3 Results 

With the increase of the working distance between the sample and the gauge 
registration efficiency changes and measurement accuracy decreases. The measurements of 
thickness of silver on a bronze substrate at different distances from the gauge are shown in 
Fig. 7. Calibration is made at a zero distance (L = 0). The curve in Fig. 7 shows the values 
obtained by our gauge at working distances L = 1.25, 2.5 and 3.75 mm. The slope of the 
curve is about 4% when the distance L changes by 0.1 mm. It means that the high accuracy 
of gauge positioning with respect to the inspected surface is necessary. Numerous 
experiments demonstrate that the maximum thickness of the silver coating available for 
measurement by X-ray fluorescence method is about 50-60 μm. 

 

 
 

Fig. 7. Thickness measured at different distances «gauge – sample» 
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Conclusion 

Described methods are implemented in the ready-to-use devices, which are already well-
proven in controlling the thickness of the technological coatings on the parts of liquid 
rocket engines. Numerous experiments on the measurement of thickness of chromium-
nickel (up to 700 μm) and silver (6-9 μm) coatings on complex shaped parts confirm the 
reliability of the results obtained with these devices.  
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