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This work aims at the description of the degradation of the intake and exhaust valve of the combustion 
engine during operation. For the experiments, new valves from Ford Fiesta were used, as well as the used 
ones with known mileage. In order to simulate the valve long-term operation and to estimate the temper-
ature of the valve during the use, the new valves were annealed at 700 – 900 °C for 1000 h (corresponding 
to the mileage of 70,000 km with average speed of 70 km/h) and the grain size was compared with the 
used valves. It was found that this model experiment can easily predict the operation temperatures of the 
exhaust valves, which were made of the heat-resistant austenitic steel. However, the metallography pro-
cedure for the determination of the grain size fails in the case of the martensitic steel valves. 
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 Introduction 

Internal combustion engine (ICE) is still the most 
widely used power for the transport vehicles. Even 
though the electrification of the passenger cars is on-
going, there will be probably lots of ICE powered cars, 
heavy trucks, busses, ships and other vehicles still in 
use in the future as recent accumulators do not allow 
complete ICE replacement especially at large engines 
used for long range transport [1]. In order to keep 
maximal efficiency and relatively eco-friendly opera-
tion, the performance of the valves is of high im-
portance. There are many solutions existing for the 
valves, such as bi-metallic valves with Stellite alloys 
hardfacing [2,3], valves with sodium cooling insert [4], 
bulk titanium valves [5] or titanium nitride coated ones 
[6], nickel-based superalloys, ceramics and even mate-
rials based on intermetallics are considered [7,8,9]. 
However, these solutions except the first one are used 
almost only for high-performance engines, such as 
sport cars, racing bikes etc. In standard engines, the 
current solutions are still very similar to the engine 
valves from 1950’s, especially for intake ones. For 
these valves, the “Silchrome 1” martensitic steel is the 
most widely applied one [10]. On the other hand, the 
currently used materials of the exhaust valves are 
mostly the heat-resistant austenitic steels, while 
“Silchrome 1” type alloys were used in exhaust role 
substantially until the 1950’s [11].  

Even though the common material solutions for 
the valves have been used for many decades, there is 
no systematic study of their degradation during oper-
ation in the engine. There exists a series of failure anal-
yses of defective valves [12,13] and evaluation of the 
wear through the analysis of the oil contamination 

[14,15,16]. Despite to that, the possibilities of the 
worsening of the mechanical properties in engines op-
erated for high mileage due to continuous changes in 
the microstructure lack the adequate attention. How-
ever, such knowledge, as well as exact description of 
the temperature distribution in the valve, are of high 
importance when designing the engine and proposing 
a material solution for the valves. There are available 
results of simulation of the temperature in various 
parts of the valves [17], but the experimental valida-
tion is lacking. Therefore, this study aims at the de-
scription of the changes of the grain size during ther-
mal exposure of the valves and identification of the 
temperatures of the used valves based on it. 

 Materials and Methods 

The subjects of the experimental works were in-
take and exhaust valves from Ford Fiesta VI (2011) 
car with four cylinder petrol engine, in two intake as 
well as two exhaust valves per cylinder configuration. 
Both new and used ones were used. Chemical compo-
sition of the intake and exhaust valves determined on 
the valve head is summarized in Table 1. The chemical 
composition was determined by energy dispersive 
spectroscopy (EDS) by the means of TESCAN 
VEGA 3 LMU scanning electron microscope 
equipped with the Oxford Instruments X-max 20 
mm2 EDS analyser.  

Chemical composition of the exhaust valves is sim-
ilar to X53CrMnNiNbN21-9 standard, however con-
taining ca. two percent silicon and one percent tung-
sten more, probably improving its thermal stability. 
Intake valves are similar to mentioned Silichrome 1 
standard. 
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Tab. 1 Chemical composition of the studied intake and exhaust valves (wt. %, determined by EDS) 
Valve Fe Cr Mn Ni Si Nb W 

exhaust - new 59.8 21.4 9.1 3.7 2.8 2.3 1.0 
exhaust – used 60.5 22.1 9.4 3.9 2.3 1.1 0.8 
intake - new 85.4 9.7 0.3 0.4 4.2 - - 
intake - used 86.5 9.4 0.4 0.2 3.5 - - 
 
The mileage of the engine in the time of the ex-

change of the valves was 70,000 km. There was no vis-
ible damage of the valves, the reason for the repair was 
different. The samples of the new valves were an-
nealed at 700, 800 and 900 °C for 1000 h. This anneal-
ing was used in order to simulate the mileage of 70,000 
km with the average speed of 70 km/h (i.e. 1000 hours 
at the operating temperature). The annealed samples 
were compared with the used samples in various re-
gions of the valve in order to determine the tempera-
ture on the valve during the operation in the engine. 
For the comparison, the observation of the micro-
structure and hardness measurement were used. The 
microstructure was observed after grinding on P180 – 
P2500 sandpapers with SiC particles, polishing by D2 
diamond paste and Eposil Non Dry suspension. Etch-
ing was done by 10% nital (10 ml HNO3, 90 ml  

ethanol) and by oxalic acid (20 g oxalic acid, 180 ml 
water, electrolytically at 6 V) for intake and exhaust 
valves, respectively. To reveal the grain boundaries, al-
ternative etching by picric acid solution (1 g picric acid, 
95 ml H2O, 5 ml HCl) with subsequent slight polishing 
was tested [18]. Microstructure was observed by Ni-
kon MA200 optical microscope and documented by 
the means of NIS BR software. Grain size was deter-
mined by image analysis using ImageJ software pack-
age.  

 Results and Discussion 

Microstructure of the new and used intake valves 
is presented in Figure 1. It can be seen that the micro-
structure is composed of a heavily tempered marten-
site. 

 

Fig. 1 Microstructure of new (a) and used (b) intake valves (etched by 10% nital) 

 

Fig. 2 Microstructure of new (a) and used (b) intake valves (etched by picric acid and subsequently polished) 
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Fig. 3 Microstructure of new (a) and used (b) exhaust valves (electrolytically etched by oxalic acid) 

 

Fig. 4 Microstructure of new exhaust valve annealed at 700 °C (a), 800 °C (b), 900 °C (c), electrolytically etched by oxalic acid 
 
Because the nital etching does not allow to reveal 

the grain boundaries in the case of this alloy, the pro-
cedure according to the ASTM E112-13 method was 

tested. The applied method is based on over-etching 
by picric acid solution, followed by polishing. It is ex-
pected that the whole structure is attacked by etching,  
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while the etching of the grain boundaries is stronger. 
During subsequent polishing, the grain area is pol-
ished and becomes lighter on the micrograph, while 
the grain boundaries remain dark. However, this pro-
cedure does not work for this particular martensitic 
steel with present heat treatment, as can be seen in 
Figure 2. The grain boundaries are not visible suffi-
ciently. Therefore, we can conclude that we are unable 
to use described metallographic approach in order to 
evaluate the degradation of the intake valves made of 
this martensitic steel neither in the as received heat 
treatment nor in the condition after the mentioned 
mileage.  

In the case of the exhaust valve, the microstructure 
composed of austenitic grains with well-visible bound-
aries is observable, see Figure 3. Moreover, there are 
carbides, which contain high amount of niobium, as 
determined by EDS analysis, i.e. the so-called MC 
type.  

Because the grain size was not identifiable for in-
take valves, the study with annealing of new valves was 
carried out for exhaust valves only. The microstruc-
ture of the exposed samples is shown in Figure 4 and 
the determined grain size vs. annealing temperature is 
shown in Table 2.

Tab. 2 Average grain size of annealed samples cut from new exhaust valve head 

State Grain size (µm) 

New 45 ± 5 

annealed at 700 °C 45 ± 7 

annealed at 800 °C 47 ± 7 

annealed at 900 °C 52 ± 6 

 
The values in Table 2 were fitted by Sellars model 

- equation (1): d � d" � l ∙ m ∙ n� opW (1) 

Where:  
d [m]…Grain size after annealing,  
d0 [m]…The initial grain size,  
A[m]…Pre-exponential factor,  
t [s]…The duration of annealing,  
Q [J.mol-1]…The activation energy,  
T [K]…The annealing temperature [17].  
R is the universal gas constant with the value of 

8.314 J.mol-1K-1. Using this model, the value of activa-
tion energy of 131 kJ.mol-1 was calculated.  

Based on this empirical equation, the microstruc-
ture of the exposed valve in selected parts (Figure 4) 
was compared in terms of the grain size with the 
model samples. Equation (1) allowed to estimate the 
temperature on the exposed sample. The results are 
collected in Figure 5 and Table 3. The results are in 
relatively good agreement with the widely accepted 
mathematical model [17]. The temperature estimated 
by the model for our “B” area is almost identical. 
However, there is a discrepancy regarding “A” posi-
tion. Ref. [17] predicts lower temperature than in “A” 
area, but our experimental results indicate a noticeably 
higher one. When considering the conditions in the 
engine, it can be seen that area “B” is flushed by com-
bustion gasses during exhaust period of the engine, 
while the “A” area is fully exposed in the combustion 
chamber during the whole period of operation of the 
engine. On the other hand, there is the contact of the 
valve face and cylinder head seat insert, which is wa-
ter-cooled. It indicates that the water cooling is not 

sufficient to lower the temperature of the valve face in 
the case of this engine and therefore, the published 
model does not describe the behavior of this engine 
well. There could be some inaccuracy in the input data 
(estimation that 70 000 km corresponds to 1000 h of 
operation of the engine) and also slight local differ-
ences in the grain size caused by forming process, 
causing that the values of the temperature are affected, 
but the trend is clearly visible. 

 

Fig. 5 Used exhaust valve scheme (a), microstructure in the 
area “A” (b), microstructure in the area “B” (c), electrolyti-

cally etched by oxalic acid 
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Tab. 3 Grain size of used exhaust valve in areas shown in Figure 5 and corresponding temperatures calculated by equation (1) 
State Grain size (µm) Calculated temperature (°C) 

A 53 ± 8 912 
B 46 ± 6 752 

 Conclusion 

This work showed that it is possible to determine 
the temperature on the exhaust valve made of austen-
itic heat-resistant steel using the microstructure evalu-
ation of the exposed valve and its comparison with 
model samples of the same material annealed on 
known temperatures. We found that the values of 
temperature are correctly determined for the fillet in 
the area, where it is in contact with the combustion 
exhaust gasses. The temperature on the disc is higher 
than predicted by the models published in the litera-
ture. For the intake valves made of common marten-
sitic valve steel Silchrome 1, this metallographic pro-
cedure according to ASTM E112-13 method fails due 
to the inability to visualize the grain boundaries. The 
results of this work can be used either in optimization 
of the construction of engines, or in the design of the 
valves both for primary production and aftermarket.   
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