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abstract  In the order to increase the resistance to the friction wear of machine parts appropriate surface treatment 
application is needed. The aim of presented research was to evaluate the laser alloying with silicon nitride 
effects obtained in the surface layer of nodular iron and to select the laser treatment parameters that should be 
appropriate for the treatment of the one of the engine parts, which is a rocker arm. After implementation of 
silicon nitride into the nodular iron surface layer using laser heating, a uniform, fine, dendritic microstructure 
similar to the hardened white cast of the allayed zone was created in all performed variants. This microstructure 
resulted in at least 4-times higher hardness in comparison to the core material. The hardness and the alloyed zone 
dimensions were dependent on the laser heat treatment variant. The laser beam power density of 41 W/mm2 and 
its velocity of 2.8 mm/s were selected for the treatment of the rocker arm. It was caused by the effects obtained 
in the surface layer. With these parameters, it was possible to achieve the hardness of 1300 HV0.1 and the 
width of the alloying zone of over 4 mm, which is enough to strengthen the surface area of the rocker arm 
most exposed to the tribological wear.

słowa kluczowe:  stopowanie laserowe, twardość, warstwa wierzchnia, żeliwo.

streszczenie   W celu zwiększenia odporności na zużycie w wyniku tarcia części maszyn potrzebna jest ich odpowiednia ob-
róbka powierzchniowa. Celem prezentowanych badań była ocena efektów stopowania laserowego azotkiem 
krzemu uzyskanych w warstwie wierzchniej żeliwa sferoidalnego oraz dobór parametrów obróbki laserowej, 
które powinny być odpowiednie do obróbki jednej z części silnika pojazdu, jakim jest dźwigienka zaworowa. 
W wyniku wprowadzenia azotku krzemu do warstwy wierzchniej żeliwa sferoidalnego za pomocą nagrzewa-
nia laserowego we wszystkich przeprowadzonych wariantach wytworzona została jednorodna, drobnoziarni-
sta i dendrytyczna mikrostruktura o charakterze zbliżonym do zahartowanego żeliwa białego. Efektem takiej 
mikrostruktury było uzyskanie przynajmniej 4-krotnego zwiększenia twardości w porównaniu z twardością 
materiału rdzenia. Twardość i wielkość uzyskanej strefy stopowanej zależały od zastosowanego wariantu la-
serowej obróbki cieplnej. Do obróbki dźwigienki zaworowej wybrano gęstość mocy wiązki laserowej równej 
41 W/mm2 i jej prędkości 2,8 mm/s. Było to spowodowane tym, że w przypadku takich parametrów możliwe 
było uzyskanie twardości 1300 HV0.1 i szerokości strefy stopowanej ponad 4 mm, co jest wystarczające do 
umocnienia najbardziej narażonego na zużycie tribologiczne obszaru powierzchni dźwigienki zaworowej.
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inTroducTion 

Grey iron (and particularly nodular iron) is used in many 
branches of industry. Nodular iron has a wide range of 
applications, for example, in motor industry [l. 1]: gear-
box parts, gear wheels, cam and crankshafts, or rocker 
arms. Some pieces of those parts should be characterize 
by the appropriate wear resistance of the surface layer, 

like journals of crankshafts or cams and journals of 
camshafts or the end of the rocker arm.

In the order to attain suitable properties of the surface 
layer of those parts, surface treatment should be applied. 
There are many treatments like diffusion nitriding that 
improve wear resistance [l. 2]. This treatment allows 
one to increase the hardness of surface layer and its heat-
resistance up to 600–650ºC [l. 2]. Such properties, in 
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the case of diffusive methods, are produced on the area 
of whole treated part. However such treatment on whole 
part is not always needed. 

One of not so many methods that allow modifying 
the surface layer of part of a piece that is exposed to 
extremely intensive wear by friction and corrosion is 
laser heat treatment, for example, laser alloying. Former 
research by the author revealed that the hardness of the 
surface layer of cast iron could be increased even 6-times 
in comparison to the hardness of the core material 
[l. 3] by laser alloying with boron. Additionally, the 
wear tests showed that the value of the mass loss of 
laser alloyed samples was 3.5-times lower than the 
value of hardened samples [l. 4]. The increase of the 
adhesive wear resistance of surface layer is achieving 
by increasing its hardness and decreasing its plasticity 
[l. 5]. The hardness is also the basis of abrasive wear 
resistance of materials, and it is commonly known that 
softer materials are prone to faster abrasive wear rates 
than hard materials (moreover, hardness is significant in 
the case of erosive wear) [l. 6].

Furthermore, another investigation by the author 
showed the reduction of wear of crankshaft journals after 
its laser alloying [l. 7]. In the case of laser alloying with 
nitrogen of steel parts carried out research presented in 
[l. 8] showed that a 2–4 times hardness increase of the 
alloyed layer could be achieve. The maximum depth of 
the alloyed layer was about 250 nm [l. 8]. In the case 
of this research, N2 gas was applied [l. 8]. Nevertheless, 
in other research, it has been proven that nitrogen from 
the atmosphere could be used, because a layer of 1–2 
µm depth with nitrates and oxygen was found [l. 9]. 
Moreover, the research presented in [l. 10] showed 
that it is possible to perform laser nitriding using Si3N4 
powder as a source of nitrogen. During this research, 
decomposition of silicon nitride was stated. Except the 
nitriding effect in this case, other benefit of using this 
substance was noticed (decomposition of silicon nitride 
allows obtaining Si, which is a deoxidizer) [l. 10]. This 
method of laser nitriding allows achieving hardness 
nearly 3-times higher of surface layer according to 
[l. 11]. The depth of modified layer was 0.7 mm. It 
was noticed that the higher amount of powder generated 
a lower amount of residual austenite, a higher hardness 
of layers, and a lower mass loss of treated sample after 
wear test. Besides, better wear resistance after laser 
alloying with silicon nitride was also proved for grey 
iron. The author’s research [l. 12] on laser alloying 
with this powder of culture flaps (made of grey iron) 
showed a 5-times lower mass loss of laser treated parts 
than untreated. It is likely that laser alloying with Si3N4 
should also increase the wear resentence of motor vehicle 
parts exposed to intensive friction wear. The example of 
a rocker arm (with a marked wear trace) is showed in the 
figure 1. The rocker arm presented in this figure was 
exposed to wear as a result of the cooperation with heat 
resistance steel. On the base of presented rocker arm, the 

width of the wear trace was evaluated as less than 3mm. 
This size of the trace indicates that surface treatment can 
be applied locally. Laser heat treatment could be enough 
in such a case.

fig. 1.  the rocker arm with marked of the wear trace
Rys. 1. Dźwignia zaworowa wraz z zaznaczonym miejscem 

zużycia

It seems to be reasonable to perform the research on 
the influence of laser alloying of motor vehicle parts on 
the microstructure and properties of their surface layer. 
The aim of the presented research was to evaluate the 
laser alloying effects in the surface layer with silicon 
nitride of nodular iron and to select the laser treatment 
parameters that should be appropriate for the motor 
vehicle part. The rocker arm was chosen for the example.

 MeThodology 

Laser heat treatment was performed with the molecular 
CO2 continuous Trumph laser type TLF 2600t at 2.6 kW 
output power and in the TEM01 mode. The laser heat 
treatment consisted of melting the cast iron surface layer.

The surface of samples made of EN-GJS-500-7 
nodular iron selected as a test material was previsously 
covered by the appropirate coating containing the 
lloying and bounding substance. Si3N4-α powder (with 
325 mesh and purity ≥99.9% by Sigma-Aldrich) was 
used as the alloying substance (fig. 2).

fig. 2.  si3n4 powder
Rys. 2. Proszek Si3N4
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Laser alloying was performed with different 
variants of the laser beam parameters. Nevertheless, 
during the treatment, the maximum possible laser beam 
spot size was applied (9 mm) in order to obtain the width 
of the alloyed zone of at least 3 mm after the mechanical 
finishing, due to the width of wear trace in the case of the 
rocker arm (fig. 3). 

fig. 3.  the required size of the strengthen area after the 
surface treatment on the rocker arm.

Rys. 3.  Wymagana wielkość umocnionego obszaru po obróbce 
powierzchniowej na przykładzie dźwigienki zaworowej

The research was carried out into two steps. The 
first one involved applying various laser heat treatment 
variants on the samples and the selection of the best one 
for rocker arm. The second one involved performing the 
laser treatment on the rocker arm and the evaluation of 
the effects of this treatment. 

In the case of the first step of the research, the laser 
beam power density was in range of 22–41 W/mm2 and 
the laser beam velocity in relation to the sample was 
from 1.87 to 2.80 mm/s. Values of laser beam parameters 
applied during the research are presented in Tab. 1.

Results of the laser treatment were analysed by 
means of a light microscope and a scanning electron 
microscope (zone geometry dimension evaluation and 
microstructure study), X-ray diffractometer (phase 
identification), and a Vickers hardness tester with 

a 0.98 N load (determination of the hardness distribution 
on the section of modified zones). The measurement of 
created zone’s dimensions involved the evaluation of its 
maximum size. As a result, only one value of a particular 
dimension was achieved in each case (fig. 4).

fig. 4. the scheme of the cross-section of the sample after 
laser heat treatment with the determination of the 
size of modified zones: aa – the width of the alloyed 
zone, la – the length of the alloyed zone, ah – the 
width of the hardened zone from the solid state, 
lh – the length if the hardened zone form the solid 
state

Rys. 4.  Schemat przekroju poprzecznego próbki po lasero-
wej obróbce cieplnej wraz ze sposobem wyznaczania 
wymiarów stref zmodyfikowanych: aa – szerokość 
strefy stopowanej; la –  głębokość strefy stopowanej, 
ah – szerokość strefy zahartowanej ze stanu stałego,  
lh –  głębokość strefy zahartowanej ze stanu stałego 

Surface roughness measurements (2D surface 
geometry) were carried out with contact profilometer 
equipped with induction transducers with software allowing 
measurement and the analysis of the surface roughness. 

The research was performed at Poznan University 
of Technology and the University of Science and 
Technology in Krakow.

resulTs  and  disscusion

In each of the laser heat treatment variants, a remelted 
(alloyed) zone, a hardened zone from the solid state, and 
a very thin transition zone between them were achieved. 

table 1. laser beam parameters
Table 1. Parametry wiązki laserowej

Variant 
no

Laser beam 
power

Velocity of the laser beam in 
relation to the treated sample 

Laser beam  
diameter

Laser beam power 
density

Laser beam power 
fluance 

P [W] v [mm/s] d [mm] E [W/mm2] F [J/mm2]

1 1400
1.87

9

22 106

2 2000 32 151

3 2600 41 197

4 1400
2.67

22 131

5 2000 32 138

6 2600 41 106

7 2600 2.80 41 74
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Alloyed zones were characterized by a fine, dendritic 
microstructure with similarities to hardened white cast 
iron. Microscopic observation mainly revealed  the 
presence of solid solutions (martensite and retained 
austenite). Martensite needles were visible inside 
dendrites. Microstructure observation of alloyed zones 
revealed only phases existing in the Fe-C diagram. An 
example of part of the alloyed zone is presented in fig. 5. 
It is probable that nitrogen stayed in compound with 
silicon because of better affinity of silicon to nitrogen 
than iron to nitrogen. Nevertheless, taking in to account 
that decomposition of silicon nitride is possible during 
laser remelting (as research presented in the article 
[l. 10] showed), nitrogen could also be dissolved in solid 
solutions (martensite or retained austenite). Additionally, 
X-ray diffraction research (except phases existing in the 
Fe-C diagram: Feα, Feγ and carbides: Fe3C, Fe1.94C0.055) 
revealed the presence of some additional inclusions. In 
the X-ray image, some peaks that matching the lines 
characteristic for FeN0.032, FeN0.076, and Fe2Si, FeSi, and 
FeSi2 were also observed; however, the superposition of 
some peaks should be taken into account. An example 
of the X-ray diffractograms for the alloyed zone is 
presented in Figure 6. It needs to be underlined that 
X-ray diffraction can reveal the Fα crystal structure, 
but it is not possible to recognize if the phase is ferrite 
or martensite (this could be done by TEM diffraction). 
Nevertheless, the presence of a martensite phase was 
noticed by microscopic research described above.

 

fig. 5.  an example of the microstructure of part of the 
alloyed zone with silicon nitride: light microscope 
(a), scanning electron microscope (b)

Rys. 5.  Przykład fragmentu mikrostruktury strefy stopowanej 
azotkiem krzemu: mikroskop świetlny (a), elektrono-
wy mikroskop skaningowy (b)

fig. 6.  an example of the X-ray diffraction image for the 
alloyed zone with silicon nitride.

Rys. 6.  Przykład dyfraktogramów strefy stopowanej azot-
kiem krzemu

The sizes of the alloyed zone (la, aa) are presented in 
figure 7. The minimum length of the achieved alloyed 
zone was 0.7 mm with a width of 4 mm. In the case 
of applying the higher value of the laser beam power 
density, the larger size of the alloyed zone could be 
expected.  

fig. 7. sizes of the alloyed zone obtained in the surface 
layer of the nodular iron after laser alloying with 
silicon nitride: la – the length (a) and aa – the width (b)

Rys. 7. Wymiary strefy stopowanej otrzymanej w warstwie 
wierzchniej żeliwa sferoidalnego po stopowaniu la-
serowym azotkiem krzemu: la – głębokość (a) i aa – 
szerokość (b)

a)

b)

a)

b)
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Sizes of the hardened zone from the solid state 
(lh, ah) that was present in the surface layer below the 
alloyed zone (fig. 4) are presented in Figure 8. It is clear 
that, in the case of laser treatment, the lower laser beam 
velocity (without changing the other values of treatment 
parameters), the larger are modified zones that could be 
expected. It was visible in all achieved zone dimensions 
except one, which was the width (ah) of the hardened 
zone from the solid state (fig. 8b), but it could be an 
individual case probably due to the laser beam power 
fluctuations.

It is worth emphasizing that it was possible to 
achieve the width of whole strengthen area (the alloyed 
zone and the hardened zone from the solid state) of 
nearly 6 mm using this treatment (fig. 8b). Moreover, 
it could be noticed that the length of this area could be 
equal to nearly 3 mm (in the dependence of laser heat 
treatment parameters) (fig. 9). 

Taking in to account that finishing mechanical 
treatment of machine part working with another machine 
part (like in the case of the rocker arm) is needed after 
the laser heat treatment with remelting or alloying (due 
to increase of the surface roughness), it could be stated 
that it would be better to apply the laser alloying variant 
with the highest value of the laser beam power density 
for the rocker arm, because it generated the largest size 
of the modified zones.

fig. 8. sizes of the hardened zone from the solid state 
obtained in the surface layer of the nodular iron 
after laser alloying with silicon nitride: lh – the 
length (a) and ah – the width (b)

Rys. 8.  Wymiary strefy zahartowanej ze stanu stałego w war-
stwie wierzchniej żeliwa sferoidalnego po stopowa-
niu laserowym azotkiem krzemu: lh – głębokość (a) 
i ah – szerokość (b)

fig. 9. the length of whole strengthen area (the length of 
alloying zone and the hardened zone from the solid 
state) obtained in the surface layer of the nodular 
iron after laser alloying with silicon nitride

Rys. 9. Głębokość całego umocnionego obszaru (głębokość 
strefy stopowanej i zahartowanej ze stanu stałego) 
w warstwie wierzchniej żeliwa sferoidalnego po sto-
powaniu laserowym azotkiem krzemu

The fine microstructure of allayed zone resulted in 
high hardness (fig. 10). It was at least 4-times higher 
in comparison to the core material. The hardness was 
in the range of 1000–1300 HV0.1 and dependent on 
the laser heat treatment variant. The highest hardness 
was achieved after the treatment with the value of laser 
beam power density of 41 W/mm2 and the value of laser 
beam velocity in the relation to the sample of 2.8 mm/s. 
In the case of the velocity of laser beam of 2.67 mm/s, 
the average hardness was approx. 1230 HV0.1 and no 
dependence on the laser beam power density was noticed. 
Only in the case of using the velocity of the laser beam 
of 1.87 mm/s, could it be observed that applying a lower 
value of laser beam power density could produce higher 
hardness. 

fig. 10. the average hardness of alloyed zones with silicon 
nitride achieved for different laser heat treatment 
variants of the surface layer of nodular iron. 

Rys. 10. Średnia twardość stref stopowanych azotkiem krzemu 
otrzymanych po różnych wariantach laserowej obrób-
ki cieplnej warstwy wierzchniej żeliwa sferoidalnego

In figure 11, the average hardness of allayed zones 
obtained with different laser beam power velocities (but 
with the same laser beam power density) is presented. 
It could be noticed that a lower value of the laser beam 
velocity resulted in longer interaction time on the treated 
surface layer. This possibly generated a lower cooling 
rate of the obtained zone. It could negatively influence 
the supersaturation of the solid solution and result in 
lower hardness.

a)

b)
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fig. 11. the average hardness of alloyed zones with 
silicon nitride achieved with different laser beam 
velocities and its power density equal to 41 w/mm2

Rys. 11. Średnia twardość stref stopowanych azotkiem krzemu 
otrzymanych z różnymi prędkościami wiązki lasero-
wej i gęstością jej mocy równą 41 W/mm2

On the base of the research described above, it was 
possible to select one variant of laser heat treatment 
that would be the most appropriate to apply in the 
case of the rocker arm. By using the laser beam power 
density of 41 W/mm2 and the laser beam velocity 
of 2.8 mm/s, it was possible to obtained the highest 
hardness (1300 HV0.1) and the width of the alloying 
zone of over 4 mm. 5 mm was the width of the whole 
strengthen area (with the hardened zone from the solid 
state). The depth of alloyed zone was 1 mm. Taking in 
to account that mechanical treatment is needed after the 
laser heat treatment with remelting of the surface layer, 
the dimensions of the strengthen area after the laser 
treatment in the case of this variant should be enough 
to apply it to the rocker arm (the width of the desired 
strengthen area: 3 mm – fig. 4).

Surface layer modification of the rocker arm was 
achieved as a consequence of the laser heat treatment 
(fig. 12). The chosen laser heat treatment variant 
allowed the alloyed zone width of nearly 4 mm and 
a depth of 0.7 mm. Although the width of this zone is 
a little bit smaller than the width of the alloyed zone 
obtained on the flat sample (with the same laser heat 
treatment parameters) in the first step of the presented 
research (fig. 7b), this size should be enough to perform 
finishing mechanical treatment. Firstly, it was due to the 
wear trace being less than 3 mm and, secondly, there 
was the hardened zone around the alloyed zone from the 
solid state that also strengthen this area of the surface 
layer of the treated part of the rocker arm.

On the basis of macroscopic observation, it appeared 
possible to perform the treatment with good precision. It 
could be seen that it is possible to strengthen the surface 
layer where the machine part is most exposed to wear. 

Stereometric surface research on the treated 
surface of the rocker arm revealed that the alloyed zone 
was characterized by 1.2 µm of Ra and over 10 µm of 
Rz parameters. As expected, mechanical treatment is 
needed. figure 13 presents the resulting surface profile 
with basic surface roughness parameters. 

fig. 12.  a view of the strengthened surface layer of the 
piece of the rocker arm as a result of the laser 
alloying: the view of the surface (a) and the cross 
section surface layer structure (b)

Rys. 12. Widok umocnionej warstwy wierzchniej części dźwi-
gni zaworowej w wyniku stopowania laserowego: wi-
dok powierzchni (a) struktury warstwy wierzchniej na 
przekroju poprzecznym (b)

fig. 13. the surface profile of the laser treated rocker 
arm with the determined values of the roughness 
parameters

Rys. 13. Profil powierzchni obrobionej laserowo dźwigini za-
worowej wraz z wyznaczonymi parametrami chropo-
watości

The microstructure of the modified surface layer 
(the cross section) of the rocker arm is presented in 
figure 13. 

fig. 14. the surface layer microstructure after laser 
alloying with silicon nitride performed on the 
rocker arm

Rys. 14. Mikrostruktura warstwy wierzchniej po stopowaniu 
laserowym azotkiem krzemu wykonanym na dźwi-
gience zaworowej

 The surface layer consisted of the alloyed zone that 
was surrounded with the hardened zone from the solid 
state (consisted of martensite with graphite nodules). 
The alloyed zone was characterized by a dendritic, fine-
grained microstructure. Graphite nodules were mostly 

a)

b)
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dissolved in the zone during laser remelting. Some gas 
cavities were observed, but only near the surface. Taking 
into consideration that mechanical treatment is needed 
anyway (because of the increase of the roughness after 
laser heat treatment with remelting), those gas cavities 
will be removed.

The average hardness of the alloyed zone was 
1300 HV0.1, as in the case of this laser heat treatment 
variant applied in the first step of presented research. 
The hardness profile executed on the cross section of 
the achieved surface layer (fig. 12b) is presented in 
figure 15.

fig. 15. the hardness profile of the laser treated (with the 
laser beam power density of 41 w/mm2 and its 
velocity of 2.8 mm/s) surface layer of the rocker 
arm executed on the cross section in the distance of 
100 µm from the surface

Rys. 15. Profil twardości powierzchni obrobionej laserowo 
(z gęstością mocy wiązki laserowej równą 41 W/mm2 
i jej prędkością 2,8 mm/s) dźwigini zaworowej wyko-
nany na przekoju poprzecznym w odległości 100 µm 
od powierzchni

Higher hardness was also noticed on both sides 
of the alloyed zone. It was due to the existence of the 
hardened zone from the solid state. Therefore, the width 
of the whole strengthen area is approx. 6 mm. It is worth 
emphasizing that the occurrence of the hardened zone 
from the solid state should favour the presence of an 
appropriate gradient of internal stresses in the surface 
layer of the rocker arm.

conclusions 

On the basis on performed research, the following 
conclusions could be formed:

It is possible to modify the surface layer of grey 
iron by laser alloying with the silicon nitride.

In each performed laser heat treatment variant in the 
first step of the research, the remelted (alloyed) zone and 
the hardened zone from the solid state were achieved. 
Alloyed zones were characterized by fine microstructure 
with similarities to the microstructure of the hardened 
white cast iron. The microstructure mainly consists of 
the solid solutions of martensite and retained austenite. 
Although, during microscopic observation, no silicon 
nitride or other inclusions were visible, on the basis 
of X-ray diffraction research, the presence of FeN0.032, 
FeN0.076 and Fe2Si, FeSi, FeSi2 in the alloyed zone it 

cannot be excluded. Fe3C, Fe1.94C0.055 carbides have been 
also revealed. Nitrogen could also be dissolved in solid 
solutions (in martensite or in retained austenite).

The length of achieved alloyed zones was from 
0.7 mm to 1 mm with the width from 4 mm to 4.8 mm 
in and depended on the applied laser heat treatment 
parameters. The hardened zone from the solid state was 
characterized with the dimensions: the length was in the 
range of 1.1 – 2 mm, and the width was in the range of  
4.7 – 6 mm. Accordingly, the total length of strengthen 
area obtained was from 1.7 mm to 2.8 mm. 

The fine microstructure of the alloyed zone 
resulted in high hardness. It was at least 4-times higher 
in comparison to the core material. The hardness was 
in range of 1000–1300 HV0.1 and depended on the 
laser heat treatment variant. The highest hardness was 
achieved after the treatment with the value of laser beam 
power density of 41 W/mm2 and the value of laser beam 
velocity in the relation to the sample of 2.8 mm/s.

It was noticed (for application of 41 W/mm2) that 
the lower value of the laser beam velocity related to the 
lower hardness of alloyed zone. It was probably due to 
a lower cooling rate when a longer interaction time of 
laser beam was applied.

On the basis of the first step of the research, one 
variant of laser heat treatment that would be the most 
appropriate to apply in the case of the rocker arm was 
selected, i.e. laser beam power density of 41 W/mm2 and 
the laser beam velocity of 2.8 mm/s, because it was then 
possible to obtained the highest hardness (1300 HV0.1) 
and the width of alloying zone of over 4 mm.

The chosen laser heat treatment variant allowed the 
creation of the alloyed zone in the surface layer of the 
rocker arm with the width of nearly 4 mm and a depth 
of 0.7 mm.

Stereometric surface research on the treated area 
of the rocker arm revealed that the alloyed zone is 
characterized by 1.2 µm of Ra and over 10 µm of Rz 
parameter. As was expected, the mechanical treatment 
is needed.

The average hardness of the alloyed zone was 1300 
HV0.1, as in the case of this laser heat treatment variant 
applied in the first step of the performed investigation. 
A higher hardness was noticed on both sides of the 
alloyed zone. It was due to the existence of the hardened 
zone from the solid state. Therefore, the width of the 
whole strengthened area was approx. 6 mm. 

On the basis of this study, it could be seen that it 
is possible to strengthen the surface layer in this place 
where the machine part is most exposed to the tribological 
(also corrosion because of alloying) wear. Additionally, it 
appeared that is possible to perform the laser alloying of 
the surface layer of the rocker arm with good precision.
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