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1. Introduction 

  
The creep resistance of austenitic cast steel is raised, 

among others, by addition of niobium introduced to its chemi-
cal composition. The addition of niobium not only changes 
the phase composition but also the course of the precipitation 
processes. 

The paper presents an example of practical application of 
the results of random microhardness measurements in evalua-
tion of changes that take place in the microstructure of niobi-
um-stabilised Ni-Cr cast steel during aging. 
 
2. Theoretical and experimental results 
 

Microhardness measurements taken at different points in 
the specimen (a metallographic polished section) enable plot-
ting the hardness density distribution, which reflects local 
microstructure of the examined material. Once determined, 
this distribution will prove the presence of different structural 
constituents1. 

The interpretation of the results of measurements de-
pends largely on the size of an indentation mark left by the 
hardness tester, referred to the geometry of alloy microstruc-
ture (Fig. 1). For example, indentations of an area larger than 
the size of the precipitates present in alloy matrix represent an 
"average" matrix microhardness and volume fraction of the 
precipitates (Fig. 1a). In the case of indentations smaller than 
the size of the precipitates, the measurements can be used in 
evaluation of the actual volume fraction of these precipitates. 

The microhardness density distribution for a three-phase 
material is shown in Figure 1b. The area under the curves 
corresponds to the content of individual phases or microstruc-
tural constituents; their sum equals a unity. If hardness was 
measured with an indenter leaving in the examined material 
an indentation mark much larger than that shown in Fig. 1a, 
the measurement would reflect only the properties of a micro-
structure consisting of: A –  matrix, B – primary carbides, and 
C – secondary carbides. 

Specimens for test were made from cast steel of the 
chemical composition shown in Table I.  

 

Cast steel was melted in an open induction furnace and 
poured into sand moulds2. The specimens cut out from the 
ingots were subjected to annealing in the air at a temperature 
of 600 °C for 10, 100 and 500 hours.  

Microhardness was measured on unetched metallograph-
ic sections using Vickers measuring technique (10 G, 10 s). 
The measurements were taken at random, applying each time 
a grid of 200 measuring points distributed at even spacing 
along the three parallel straight lines.  

At 600 °C, the cast steel microstructure is composed of 
an austenitic matrix with large precipitates of  NbC carbides 
and small precipitates of M23C6

2  type chromium carbides 
(Fig. 2).  

The microhardness density distribution in specimen after 
annealing for 500 hours is shown in Fig. 3. Fig. 4 shows mi-
crohardness density distribution obtained in the alloy matrix 
after annealing for 10 and 100 hours. 

Hardness distributions were obtained by averaging the 
measurements taken in the vicinity of a given point 
(25 neighbouring points).  

Fig. 1. Microhardness density distribution for a three-phase ma-
terial and indentation size reflecting the size of the precipitates: 
a) scheme of the microstructure, b) theoretical microhardness 
density distribution; A – matrix, B – primary carbides, C – second-
ary carbides 

Table I 
Chemical composition of cast steel, wt.% 

   C       Si      Mn     Cu        P        S         Cr      Ni     Nb 
 0,31   1,91   0,96   0,22   0,015   0,010   18,2   29,3  1,84 
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Processing of the results was done on an S-Plus3 soft-
ware. Next, the individual constituents were determined using 
a PeakFit4 programme.  

The dotted line (Fig. 3) represents the hardness density 
distribution obtained in the examined specimen. The solid line 

is the sum of distributions identified from an analysis of the 
dotted line. Numbers above the peaks represent the hardness 
levels at which the peak reaches its maximum.  

Each of the peaks marked in zones 1–4 (see Fig. 3) and 
peaks shown in Fig. 4 corresponds to a distribution of the 
matrix hardness, which depends on the number of the second-
ary precipitates and on their size distribution. The sum of the 
areas under the four peaks is equivalent to a volume fraction 
of the matrix in the alloy. Other peaks in Fig. 3 correspond to 
the areas where the primary precipitates occur.  

During annealing the fraction of secondary precipitates 
in the matrix changes and leads to the increase or decrease of 
the area size under the individual peaks  (see 10 hrs  and 
100 hrs of annealing,  Fig. 4). 

 
3. Conclusions 
 

Studies have confirmed that the results of random micro-
hardness measurements can be effectively used to trace 
changes in the cast steel microstructure during aging. 
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R. Chylińska, M. Garbiak, P. Christodoulou, and 

B. Piekarski (Institute of Materials Science and Enginee-
ring, West Pomeranian University of Technology in Szczecin, 
Poland): Analysis of Precipitation Processes in Austenitic 
Cast Steel with Niobium 
 

The paper presents an example of how to process the 
results of the random HV 0.01 microhardness measurements 
taken in 30Ni-18Cr-type cast steel with 1.84 % niobium an-
nealed at a temperature of 600 °C. Studies have proved that, 
in most cases, the microhardness measurements reflect the 
microhardness of a structure that is a mixture of matrix and 
secondary precipitates or of matrix and primary precipitates. 

Fig. 3. Microhardness density distribution results presented in 
graphic form − 600 °C/ 500 hrs 

Fig. 2. Microstructure of cast steel, examples of indentations − 600 °C/ 500 hrs (microhardness density distribution results see Fig. 3) 
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Fig. 4. Graphic representation of the results of measurements of 
the microhardness HV density distribution in cast steel matrix  
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1. Introduction 
 

Primary Steam Reforming Furnaces are used to convert 
mixture of hydrocarbons and steam into hydrogen-rich gases 
which can be used for the production of ammonia, methanol, 
etc. The process gas passes under pressure via vertical tubes 
filled with catalyst. Because high temperature is required to 
maintain the required chemical reactions, the tubes are heated 
up to 660 ÷ 850 °C by burners in a large furnace, which re-
sults in temperature gradients along the tube (Fig. 1). The 
internal pressure of the process gas is simultaneously main-
tained in the range 2.75 ÷ 4.15 MPa (ref.1). 

 

 
 
Fig. 1. Distribution of temperature along of catalytic tube 
 

The tubes used in steam reforming with the length of 
13 meters were assembled together by welding of segments. 
The segments of tubes were made by centrifugal casting of 
austenitic chromium-nickel cast steels stabilized with addi-
tions of niobium, titanium and zirconium and rare elements2. 
The stability of dendritic microstructure, microsegregation as 
well as the dispersion of carbides undergo changes during 
exploitation. The long-lasting influence of elevated tempera-
ture causes precipitation of the intermetallic phases in the 
austenitic matrix. This results in a degradation of mechanical 
properties of pipe material as well as in enhancement of creep 
process. Two important types of precipitates that can occur 
are carbides and topologically closed-packed (TCP) phases. 
TCP phases, particularly  and G phases, are generally unde-
sirable1,2. Therefore the chemistry of the second, third, and 
forth generation superalloys were designed in such a way that 
 and G phase do not form2. The aim of the current work is to 
investigate the changes in the microstructure and properties of 
H39WM catalytic pipe after 88000 h exploitation. 

2. Experimental procedure 
 
The investigations were carried out on a pipe with the 

size of  140  12 mm made by centrifugal casting from 
H39WM (25 % Cr, 35 % Ni, 0.85 % Nb, 0.15 % Ti) superal-
loy. The test samples taken from the inlet area and 1.65, 3.5, 
6.0, 8.5, and 12.5 m apart from the inlet, were subjected hard-
ness testing, metallographic and X-ray examinations. The 
Brinell hardness measurements were conducted on HPO 250 
hardness tester (Heckert VEB Werkstoffprüfmaschinen) and 
MIC 10 portable hardness tester (Krautkramer) in accordance 
with EN ISO 6506-4:2005 standard. Metallographic studies 
were performed on cross sections perpendicular to tube axis 
using light (Nikon EPIPHOT 200) and scanning electron (Jeol 
JSM-6100 with EDS LINK ISIS 300) microscopy. The pol-
ished samples have been etched by Murakami solution which 
dyes brown  phase and chromium carbide, while MC car-
bides type get bright tint. 
 
3. Results  
 

Metallographic observations of the material in as-cast 
state showed austenitic matrix with a network of eutectic 
carbides precipitated initially during the solidification process 
and distributed at the dendrite and grain boundaries with fine-
grained eutectic (Fig. 2). Dendritic columnar austenite grains 
were oriented almost perpendiculary to the tube walls.  

 
X-ray analysis in as-cast state shows the presence of 

austenite and eutectic NbC and (Cr,Fe)23C6 type carbides, 
which agrees with the findings in Fe-Ni-Cr alloys1,3. Some 
changes in the hardness of H39WM were observed after 
88000 h exploitation due to disappearance of dendrite struc-
ture and precipitation, spheroidization and coagulation of 
intermetallic phases (Figs. 3÷5). Microstructure and hardness 
obtained from both testers (HPO and MIC 10) show good 
correlation with local temperature of the pipe in service. 
 
 
 
 

DEGRADATION OF IRON SUPERALLOYS H39WM CATALYTIC PIPE IN STEAM 
REFORMING CONDITIONS  

a       b 

Fig. 2. Microstructure of superalloy H39WM - as cast, Murakami 
etched 
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The fine arrays of secondary carbides (FeCr) and G 
(Ni16M6Si7) where M = Nb, Ti, Zr, precipitated heterogene-
ously within the dendrites and grains from as cast supersatu-
rated matrix. The needle-shaped and globular precipitates of 
phase and fine secondary carbides G phase were visible inside 
the grains of austenite and  at boundaries containing eutectic. 
An EDX analysis of  phase precipitates revealed significant 
amount of chromium, lower than in matrix amount of iron, 
and a slightly higher amount of silicon2,3. X-ray diffraction on 
samples after 88000 h exploitation confirmed the presence of 
NbC, M23C6,  and G phases (Fig. 6).  
 
4. Conclusions 
 

The use of H39WM superalloys under elevated tempera-
tures causes the changes in microstructure toward more equi-
librium state. These changes depend on the temperature and 
time of exploitation and they influence on the mechanical 
properties of the tube. The highest hardness and content of 
intermetalic phases in a tube oparating for 88000 h were 
found in the zone 1.65 m from the inlet. However, needle 
shaped  phase precipitation did not occur in the region work-
ing at a temperature above 815 °C. The transformation of 
NbC carbides into Ni3Nb and into G phases (Ni16M6Si7), 
cause hardness reduction and possibility of creep initiation. 
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gy in Szczecin, Poland): Degradation of Iron Superalloys 
H39WM Catalytic Pipe in Steam Reforming Conditions  
 

The hydrogen to ammonia synthesis in the chemical 
plants occurs in a process of endothermic thermal-catalytic 
decomposition of methane with water steam. The process is 
carried out in reformer‘s pipes made from austenitic cast steel 
with nickel catalyst under pressure up to 4,0 MPa and temper-
ature up to 780 °C. The long-lasting influence of increased 
temperature causes the spheroidization precipitation of the 
intermetallic phases in alloyed austenite matrix. The stability 
of casting dendrite microstructure disappears. This results in 
a decrease of the mechanical properties of the pipe material as 
well as in the enhamcement of creep. Microstructure and 
properties show good correlations with the local temperature 
of the pipe. 

Fig. 3. Microstructure of superalloy H39WM at a distance of 1,65 
m from the inlet after 88000 h of work, Murakami etched 

Fig. 4. Microstructure of superalloy H39WM at a distance of 8,5 
m from the inlet after 88000 h of work, Murakami etched 

Fig. 5. The Brinell hardness along the catalytic pipe length 

Fig. 6. The diffractogram of superalloy H39WM at a distance of 
8,5 m from the inlet after 88000 h exploitation 
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Introduction 

 
Austenitic stainless steels are very attractive and im-

portant materials, which are used in many industrial applica-
tions due to combination of good corrosion resistance, cryo-
genic properties, high temperature strength, ductility and bio-
compatibility. However, stainless steels have low hardness 
and poor abrasive wear which limit their application13. En-
hancing the surface hardness of austenitic stainless steels is at 
present the subject of intensive research. Plasma nitriding is 
one of various surface treatment techniques which improve 
surface hardness without decreasing corrosion resistance1,2,5,6. 
An interstitial supersaturating metastable phase called S 
phase, is generated by this technique. The S phase has very 
high hardness, good wear resistance and good corrosion re-
sistance. Thin hard and superhard PVD coatings were devel-
oped to protect substrates against wear and corrosion2,4,5.  

CrN coating is known for its high ductility and fracture 
toughness, lower coefficient of friction and excellent re-
sistance to oxidation and corrosion. The mechanical proper-
ties of these thin coatings are reduced when they are applied 
on stainless steel. To overcome this limitation, thermochemi-
cal treatments prior to the hard-coating deposition were un-

dertaken4,5. This duplex surface treatment significantly im-
proves the surface and sub-surface properties, which were 
unobtainable through any individual technique.  
2. Experimental material and surface treatment 

 
Samples of an AISI 316L stainless steel in the untreated 

state had the diameter of 30 mm and a thickness of 7 mm. The 
substrate had a microhardness of about 230 HV. Before the 
plasma nitriding process, the samples were wet ground using 
silicon carbide paper from 120 down to 4000 grit and finally 
polished with 1 µm diamond paste. Plasma nitriding was car-
ried out in PN  60/60  Rübig equipment with these parame-
ters: temperature of 510 °C, duration 6 h, pressure 320 Pa, gas 
mixture of H2 flow 8 l min1 and N2 flow 24 l min1, pulse 
length 100 µm, voltage 520 V. The pre-nitrided samples were 
afterwards coated with CrN coatings in PVD industrial equip-
ment, CrN coatings were deposited on the specimens in 
PLATIT  Pl  1000 equipment by cathodic arc evaporation 
system using 2 chromium targets. The deposition system was 
installed with a three-fold substrate rotation mechanism to 
produce a uniform coating on the surface of the samples. The 
deposition procedure included 20 min of Ar plasma ion clean-
ing and 15 min of Cr plasma ion cleaning. During the deposi-
tion only nitrogen was fed to the chamber at a pressure of 
0.8 Pa. The temperature of deposition was held at 450 °C. 
Applied substrate DC bias was 50 V.  Arc current at the Cr 
target was 160 A. 

 
3. Experimental methods 

 
Depth profiles of plasma nitrided layer and PVD coat-

ings were measured by GDOES/QDP method. GDOES meas-
urements were performed in a LECO SA-2000. Calibration of 
nitrogen: JK41-1N and NSC4A standards. Confocal laser 
microscope LEXT OLS 3000 was used for observation of the 
cross section morphology of duplex coatings and craters after 
adhesion Rockwell tests. The surface hardness of duplex sys-
tems was evaluated by a Vickers microhardness test in 
a LECO automatic microhardness tester LM 247 AT. Adhe-

CHARACTERISTICS OF DUPLEX SYSTEM CrN COATING ON PLASMA NITRIDED 
STAINLESS STEEL 316L  

Fig. 1. The chemically etched (by aqua - regia) cross-section show-
ing the morphology of the duplex coating in a confocal micro-
graph 

Fig. 2. GDOES depth profile of a) plasma nitrided layer b) CrN 
coating on nitrided surface 
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sion test was performed on the duplex coatings as a  standard 
Rockwell test, while using a load of 150 kg and a diamond 
Rockwell indenter of 0.2 mm in diameter to assess the vertical 
adhesion of the coatings. 
 
4. Experimental results  

 
Fig. 1 shows an optical micrograph of a cross-section of 

the surface of an AISI 316L sample treated by a combination 
of a plasma nitriding and a PVD coating. The plasma nitriding 
process formed a nitrided layer of 25 μm thickness. The CrN 
coatings subsequently deposited by PVD have the thicknesses 
of 1.3 and 2.5 μm. Depth profiles of the plasma nitrided layer 
(Fig. 2a.) for both carbon and nitrogen are in good agreement 
with the proposed plasma treatment schedule. Carbon and 
nitrogen contents decrease along the layer depth (from surface 
to substrate). For carbon concentration there is a local maxi-
mum twenty micrometers from the surface. In the CrN coat-
ing on nitrided surface (Fig. 2b) constant nitride concentration 
was found in the coating between 2015 at.% which gradually 
decreases in the substrate material in value 15 at.%. Indenta-
tion adhesion tests were performed by Rockwell indentation 
test (Fig. 4). The sample shows good adhesion in range HF1 
and HF2, without any delamination of coatings. The surface 
hardness of duplex treated samples (Fig. 3) rapidly increased: 
the highest values 3400 HV0.01 were found in the duplex treat-
ed sample with the CrN coating of 2.5 µm. The same coating 
deposited on non-treated surface reached only 1500 HV0.01. 
 
5. Conclusion  

 
Duplex surface treatment consisted of deposition of 

a plasma nitrided layer and subsequently successful deposi-
tion of a CrN coating. The analysis carried out by using 
GDOES/QDP method was in a good agreement with observa-
tion of the metallographic cross-section and microhardness 
measurement. The thickness of the nitrided layer was 25 µm 
and microhardness values were around 1150 HV0.05. The sur-
face hardness of duplex coatings reached 3400 HV0.01.  Rock-
well adhesion test shows that the plasma nitrided layer con-
tributes to good adhesion of the CrN coating, which has then 
better adhesion than on a non-nitrided substrate. 

 The work was supported by a research project by Min-
istry of Defence of the Czech Republic, the project No. 
MO0FVT 0000404 and Specific research Modern materials in 
special technology.     
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Z. Joska, J. Kadlec, M. Pospíchal, and Q. Dung Tran 
(University of Defence Brno, Czech Republic): Characteris-
tics of Duplex System CrN Coating on Plasma Nitrided 
Stainless Steel 316L  
 

A combination of plasma nitriding and PVD coating as 
surface treatment has been used to improve material proper-
ties like hardness, without an influence on the corrosion per-
formance. In this article a duplex treatment was investigated. 
Duplex treatment consists of plasma nitriding and deposition 
of a CrN coating on AISI 316L stainless steel. This study 
covers the microstructure, chemical composition and mechan-
ical properties of this duplex system. Chemical composition 
and depth profiles were investigated by GDOES methods, 
microstructure was explored by confocal microscopy, adhe-
sion by the indentation test and surface hardness was meas-
ured by microhardness testing. Analysis and discussion of the 
results showed that combination of these two processes im-
proves considerably the surface hardness. 

Fig. 3. Surface microhardness of treated samples 

Fig. 4. Rockwell indentation test of duplex coating 
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1.  Introduction 
 

Until now it was routine in the design of aircraft compo-
nents to produce the assembly compositions of several sepa-
rate elements, which are then joined into one unit but at the 
price of the waste material more than 95 % in their manufac-
ture. Therefore, the modern trend of production mentioned 
units is the precision investment casting1,2, which puts high 
requirements on the quality and properties of common materi-
als.  

The aim of the present work is to verify the effect of 
solidification rate and heat removal rate from the cast during 
crystallization (cooling rate) on the structure and local me-
chanical properties of the alloy AlSi7Mg0.6. 
 
2.  Experimental details 
 

The plate tensile test specimen (see white arrow in 
Fig. 1) were cast by method of precision investment casting 
from alloy AlSi7Mg0.6. The chemical composition of experi-
mental material corresponds to the material standard. The 
ceramic shell was cooled after casting in several ways; cast A 
(casting and free cooling in the casting field); cast B (casting 
and controlled cooling in the casting field); cast C (casting 
and controlled intensive cooling in the casting field); cast D 
(casting in the furnace in isolation and cooling as the sample 
B). Then, the castings were heat treated to T6 condition 
(solution annealing at 530 °C/8 h/water and age hardening at  
160 °C/8 h).  

The yield strength Rp0.2, the ultimate tensile strength Rm 
and elongation A20 were obtained using universal tensile test 
equipment TIRA TEST 2300. The plate tensile test specimen 
with rectangle cross section (4  10 mm) and length L0 
(35 mm) were used. The microstructure was observed by light 
microscopy (LM). The influence of cooling rate on micro-
structure was studied by DAS (dendritic arm spacing) meas-
urements and porosity evaluation. Both were obtained by 
image analysis with software Olympus Analysis Five.  
 

 
 

3. Experimental results  
 

The dendritic microstructure of specimen A is shown in 
Fig. 2. The casting defects, most often pores, were occured in 
specimen sections.  

 
 
 
 
 
 
 
 
 
 

  
 
 

The DAS values were obtained by observing 
10 different places from each sample and each field of view 
were evaluated by image analysis. There were measured up to 
300 individual dendritic spaces (of secondary dendritic arm) 
in each field of view. The DAS values were obtained from 
median of the total measurements of each sample. The micro-
structures of samples A–D were similar, but size of DAS and 
number of pores were different. The results of DAS measure-
ments are shown in Table I. 

The indicator of the quality of the castings is the porosi-
ty evaluation. The maximum pore size, mean pore size, elon-

STUDY OF MICROSTRUCTURE AND MECHANICAL PROPERTIES OF ALUMINUM 
ALLOY AlSi7Mg0.6 AFTER DIFFERENT COOLING METHODS 

Fig. 1. Wax model for casting of the test specimens 

Fig. 2. Microstructure of sample A (casting + free cooling), LM 

Sample A Sample B Sample C Sample D 
66.68 50.22 43.69 52.37 

Table I 
The results of DAS measurements [m] 
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gation, the shape of pores and the average area of pores were 
observed using image analysis by parameters as maximal 
diameter, mean diameter, elongation, shape factor and area 
(see Fig. 3).  

The maximum pore size (diameter max.) is always the 
maximum value of the biggest pore [m] found on observed 
sample. Other values (diameter mean, elongation etc.) corre-
spond to median. The average pore volume (porosity) is ex-
pressed as the ratio of the area of all measured pores to area of 
the field of view in percentage. The results of porosity evalua-
tion are shown in Table II. 

 

 
Futhermore, the mechanical properties of specimens 

after different cooling methods were obtained. Table III pre-
sents the results of mechanical properties after static tensile 
tests. The engineering stress  strain curve is shown in Fig. 4. 
The origins of particular curves are shifted by reason of clari-
ty.  
 
4. Discussion and summary 

 
On account of microstructure and evaluation of DAS 

and porosity of all samples it was found, the best results were 
performed by casting and controlled intensive cooling in the 

casting field (casting C); the smallest values of DAS were 
obtained. Beyond, the biggest values of DAS was achieved by 
A cooling method.  

By comparison of particular DAS values with smallest 
deviations were also proved the positive effect of method C 
on uniform size of dendrites in casting. The bigest scatter of 
DAS values were found in method A. 

The minimum porosity (0.54 %) was found in specimen 
C. The satisfactory results were performed also by cooling 
methods B and D. The biggest porosity was found out in spec-
imen A.  

The results of mechanical properties after static tensile 
tests correspond to the results obtained from the microstruc-
ture observation and also DAS and porosity evaluation. The 
optimal combination of mechanical properties was achieved 
by cooling method C. 

 
Research was supported by Ministry of Education, 

Youth and Sports of the Czech Republic (projects 
1M2560471601 and MEB0810123) and Brno University of 
Technology (project of specific research FSI-S-10-46).  
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M. Juliš, S. Pospíšilová, J. Zapletal, and T. Po-

drábský (Brno University of Technology, Czech Republic): 
Study of Microstructure and Mechanical Properties of 
Aluminum Alloys AlSi7Mg0.6 after Different Cooling 
Methods  

 
The paper deals with the evaluation of microstructure 

using image analysis and mechanical properties of aluminum 
alloy AlSi7Mg0.6 after different cooling methods. The aim of 
the present work is to verify the effect of solidification rate 
and cooling rate on the structure and local mechanical proper-
ties of the alloy AlSi7Mg0.6. 

Sample Diameter 
max 

Diameter 
mean 

Elongation Shape 
factor 

Porosity 

  [μm] [μm] [-] [-] [%] 
A 308.55 23.28 1.78 0.64 1.68 
B 163.26 21.80 1.40 0.66 0.70 
C 207.56 17.93 1.82 0.67 0.54 
D 206.87 15.96 1.66 0.55 0.68 

Sample A20 Rm Rp0.2 DAS Porosity 
  [%] [MPa] [MPa] [μm] [%] 
C 4.6 300 241 43.69 0.54 
D 4.2 287 235 52.37 0.68 
B 3.9 290 239 50.22 0.70 
A 2.4 276 234 66.68 1.68 

Fig. 3. Graphic display of the parameters for porosity evaluation 

Table II 
The results of porosity evaluation 

Table III 
Comparison of mechanical properties, DAS and porosity  

Fig. 4. Engineering stress – strain curve after tensile tests  



Chem. Listy 105, s814s815 (2011)                                     LMV 2010                                                                                    Posters 

s814 

MARTIN JULIŠa*, DAVID KUSMIČb, SIMO-
NA POSPÍŠILOVÁa, STANISLAV PRŮŠAa, 
KAREL OBRTLÍKc, JIŘÍ DLUHOŠd, and 
TOMÁŠ PODRÁBSKÝa 
 
a  Brno University of Technology, Technická 2896/2, 616 69 
Brno, b University of Defence, Kounicova 65, 602 00 Brno, 
c Institute of Physics of Materials, Academy of Sciences of the 
Czech Republic, Žižkova 22, 616 62 Brno, d DemoLab and 
Applications, Tescan, s.r.o., Libušina třída 21, 623 00 Brno, 
Czech Republic 
julis@fme.vutbr.cz  
 

Keywords: Inconel 738LC, low cycle fatigue, intrusion, extru-
sion, surface relief, slip marking 

 
 
1. Introduction 
 

From the previously published works1,2 the surface relief 
inside the persistent slip markings (PSMs) is mainly charac-
terized by the existence of isolated deep and narrow intrusions 
and slight hilly extrusions in the case of nickel-base superal-
loys. However, much of the PSMs show only a weak surface 
relief. 

In order to study initial stages of surface relief formation 
and evolution, low cycle fatigue tests were interrupted after 5, 
15 and 35 cycles. Each interruption was followed by observa-
tion of the surface relief of specimens, using several tech-
niques.  

The main aim of the present work was to study surface 
topography in the early stages of fatigue damage and to com-
pare results obtained with selected observation techniques.  
 
2. Experimental details 

 
The surface relief evolution within PSMs was observed 

on button-end cylindrical specimens (Fig. 1) of cast polycrys-
talline nickel base superalloy IN738LC after low-cycle fa-
tigue at room temperature. Specimens were fatigued with 
a constant total strain amplitude (εa = 0.4 %) with fully re-
versed total strain cycle (Rε = 1).  

Specimens were cyclically loaded by a limited and pre-
determined number of cycles (5, 15, 35 cycles). After each 
test the surface relief was studied in the vicinity of a shallow 
scratch previously created on the surface in the central part of 
the specimen (see arrow in Fig. 1). The precisely marked 
locations were observed using the confocal laser scanning 
microscope LEXT Olympus OLS 3000 (CLSM) and scanning 
electron microscope TESCAN MIRA3 (SEM). The surface 
relief formed was also observed by AFM microscope  Nano-
surf EasyScan2. The places for the detailed observation were 
chosen after 5 cycles when the first fine slip markings ap-
peared.  

 
 
 
 

Fig. 1. The test specimen, the arrow shows area of observation  
 
3. Results 
 

Fig. 2 shows SEM image with a detail of the surface 
relief after 5 cycles. The slip marking which intersects the 
scratch is indicated by the white arrow. The width of the slip 
marking is approximately 10 nm.  

 
 

Fig. 2. Detail of slip marking intersecting the scratch (SEM) 
 

Using the other observation techniques (CLSM and 
AFM) the slip marking could not be displayed at this stage of 
surface relief evolution. Very low width of PSMs and negligi-
ble surface relief are under the resolution of the techniques.  

With the increasing number of cycles and associated 
increase in surface relief, CLSM and AFM could identify the 
slip markings. The CLSM image of the surface relief after 
250 cycles is displayed in Fig. 3. PSMs lying amost perpen-
dicularly to the previously created scratch are clearly visible. 
The detail of the examined area, marked by the black rectan-
gle in Fig. 3, is shown in Fig. 4a after 10 cycles  using AFM. 
Two PSMs can be seen perpendicularly to the auxiliary 
scratch. The white dash line perpendicular to the left PSM 
represents the section in which the surface profile was meas-
ured by AFM   see Fig. 4b. The arrow in Fig. 4b indicates 
a shallow intrusion in the profile. The intrusion reached 
a depth of 0.07 μm after 10 cycles.  

PSM profiles were also measured by CLSM. In longitu-
dinal profiles, the height and depth of the surface relief were 
measured in a plane perpendicular to the specimen surface 
parallel to the slip marking through its center. It was found 
that the generated slip marking contained a significant number 
of narrow isolated intrusions. With increasing number of cy-
cles the intrusions deepened and interconnected.    

 
 

STUDY OF SURFACE RELIEF EVOLUTION IN CYCLICALLY STRAINED  
SUPERALLOY IN738LC USING ADVANCED EXPERIMENTAL TECHNIQUES 
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Fig. 5 shows longitudinal profiles within the slip mark-
ing denoted by the white dash line in Fig. 4a after 120 and 
250 cycles. Surface relief profile of the matrix is obtained in 
a section parallel to the slip marking in the distance of 2 μm 
from its center. The average intrusion depth after 120 cycles 
was 0.38 μm and after 250 cycles was 0.54 μm. 

Deepening and widening of individual intrusions with 
increasing number of cycles is apparent in Fig. 5. Intrusions 
show a tendency to link and to form a long shallow intrusion 
or microcrack inside the slip marking. The present findings 
correspond to previously published data on stainless steells, as 
well as to models of initiation of fatigue microcracks3.  
 

4. Discussion and summary 
 
The CLSM technique has proved an effective tool to 

obtaine quantitative data on the formation of surface relief 
and the initiation of fatigue microcracks. This technique is 
able to analyze detailed surface topography of observed slip 
markings, particularly the depth of intrusions. On the other 
hand, the measured values of fine intrusions and extrusions 
may differ from their actual size regarding to the limited reso-
lution in X, Y axis. Tescan FEG-SEM technique was success-
fully applied to acquire qualitative data in initial stages of 
surface relief evolution. The other techniques can not be ap-
plied for reasons of limited resolution. On the other hand this 
method can not be used to evaluate quantitatively theintrusion 
and extrusion size. AFM is a proper technique to measure the 
height of extrusions. But tip dimensions result in the distorted 
extrusion shape and direct quantitative data on intrusions can 
not be obtained at all. Therefore, a combination of several 
imaging techniques is necessary to acquire more realistic 
dimensions of the surface relief inside the slip markings dur-
ing cyclic straining. 
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nology (project of specific research FSI-S-10-46). 
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The present paper is focused on the study of surface 

relief within persistent slip markings on cast polycrystalline 
nickel base superalloy Inconel 738LC during low cycle fa-
tigue tests. The surface relief was studied using confocal scan-
ning laser microscopy, scanning electron microscopy and 
atomic force microscopy.  

Fig. 3. The surface relief after 250 cycles (CLSM). The area that 
was observed in detail is marked by a rectangle  

Fig. 4. a) Detail of PSM on the surface after 10 cycles (AFM). 
b) The surface profile perpendicular to the PSM in the section 
marked with the white dash line in Fig. 4a. The black arrow indi-
cates an intrusion  

Fig. 5. The longitudinal profiles of PSM (see left PSM in Fig. 4a 
marked by the white dash line) after 120 and 250 cycles 
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1. Introduction 
 

Although structural ceramics have a number of excellent 
properties, which allow their applications as parts and tools 
for different combinations of load and temperatures, wider 
application is still limited by their brittleness, low flaw toler-
ance and low reliability. One of the ways to improve their 
mechanical properties is the incorporation of nanoparticles 
into ceramic matrix. 

Silicon nitride and silicon carbide are the promising 
materials for structural application because of their hardness, 
wear resistance, excellent high temperature strength and creep 
behaviour.  

Newly developed materials are often prepared in limited 
quantities and shapes unsuitable for extensive mechanical 
testing. The utilization of a depth sensing indentation methods 
has introduced the advantage of load and depth measurement 
during the indentation cycle. This enables, using simple and 
fast measurement, to evaluate not only hardness, but also 
elastic modulus, yield behaviour, plasticity, the onset of other 
irreversible deformation processes such as cracking or pres-
sure induced phase transformations, time dependent phenom-
ena such as creep and recovery and the energy absorbed dur-
ing indentation1.  

The aim of the study was to investigate some mechanical 
properties of Si3N4-SiC nanocomposites using depth sensing 
indentation. 
 
2. Experimental materials and methods 
 

Two kinds of composites with different amounts of SiC 
nanoparticles were prepared from the mixture of powders 
listed in Table I. Beside nanocomposites, also a monolithic 
Si3N4 was studied. Samples were hot-pressed under a specific 
heating regime, atmosphere and mechanical pressure regime 
at 1750 °C for 2 h. The details of the fabrication procedure are 
described elsewhere2.  

For the indentation study pieces with dimensions of 34
15 mm3, polished to the 0.25 m were used.  

The nanoindentation tests, using the depth sensing tech-
nique (DST), were carried out on UMIS 2000 (made by 
CSIRO Australia) ultramicroindentation system at room tem-
perature in ambient air. Multiple partial unloading method, 

developed by Field and Swain3 and studied in detail by Bush-
by1, was used.  

Spherical diamond indenter with nominal radius Ri = 7 m, 
modulus of elasticity 1150 GPa and the Poisson’s ratio 0.07 
was used. Loading force up to 300 mN in 30 incremental 
steps was applied, each step was followed by 25 % unloading. 
Altogether 20 tests were perfomed.  

The modulus of elasticity of the material was calculated 
for each step’s penetration depth, assuming Poisson’s ratio m = 
0.2. The hardness was calculated at loads from 270 to 300 mN 
which induced stresses well above the transition point. The 
partial unloading procedure also allows an indentation stress-
strain curves to be generated, where the mean pressure (Pm) is 
taken as indentation stress, and indentation strain is expressed 
as the ratio of radius of diamond sphere indenter in contact 
with material surface and nominal radius of sphere a/Ri. The 
details of the calculation procedure are described elsewhere4. 
 
3. Results and discussion 
 

Table II summarizes the values of hardness, elastic mod-
ulus and yielding points of studied materials measured by 
indentation method by diamond spherical indentor.  
 

 
Hardness values of both nanocomposites are higher 

compared to monolithic Si3N4. DST method resulted in value 
of monolithic silicon nitride HIT =21.8 GPa, that agree with 
the literature hardness data5 for high density HPSN (22 GPa). 
The addition of SiC particles (2733 GPa) has positive influ-
ence on the value of hardness.  

INFLUENCE OF THE ADDITION OF SiC NANOPARTICLES ON THE HARDNESS 
AND ELASTIC MODULUS OF Si3N4 COMPOSITES MEASURED BY INDENTATION 
METHOD  

Samples Composition [wt.%] 

Si3N4 Y2O3 C SiO2 

Si3N4 94.05 4.95   1.0 

Si3N4-1wt.%SiC 93.23 4.91 0.43 1.43 

Si3N4-5wt.%SiC 84.13 4.43 4.05 7.39 

Table I  
Composition of the starting powders  

Table II  
Values of hardness, elastic modulus and yielding stress 

Material Hardness 
[GPa] 

Elastic  modu-
lus [GPa] 

Yielding 
point [GPa] 

Si3N4 21.8 ± 0.7 254 ± 10 14.8 ± 1.6 

Si3N4-1wt.%
SiC 

23.4 ± 1.3 299 ± 12 15.2 ± 2.0 

Si3N4-5wt.%
SiC 

28.3 ± 0.7 322 ± 11 20.7 ± 2.1 
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Fig. 1 shows the values of modulus of elasticity calculat-

ed from the depth sensing indentation techniques. The rela-
tively large scatter of values at very low loads (penetration 
depths < 15 nm) is caused by errors in reading of the depth 
which is close to the instrument resolution limits. Average 
values obtained from indentation are summarized in Tab. II. 
Results show same dependence than for the hardness: the 
increase of modulus of elasticity with the increasing amounts 
of SiC nanoparticles. 

The indentation stress-strain curve (Fig. 2) shows simi-
lar features to a tensile or compressive stress strain curves. 
The initial portion is linear and corresponds to purely elastic 
deformation. 

Yielding point can be identified as the deviation from 
this elastic behaviour. In our tests (see Tab. II) these values 
ranged from 14.8 GPa to 19.0 GPa. This information for ce-
ramics and glasses is unique because conventional tensile or 
compressive tests normally result in catastrophic failure at 
much lower stresses. 

 

4. Conclusions 
 

Mechanical properties and deformation behavior of 
Si3N4-SiC nanocomposites were investigated by instrumented 
indentation with sphere. Method of partial unloading allowed 
to explore contact stress-strain behaviour, hardness, and mod-
ulus of elasticity. The values of hardness and elastic modulus 
of Si3N4-SiC composites measured by indentation technique 
increased with the increasing amount of SiC particles. The 
same beaviour was observed for a yielding point estimated 
from indentation stress-strain curves. The addition of SiC 
nanoparticles into silicon nitride matrix increased the all of 
studied mechanical properties. 
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(Institute of Materials Research, Slovak Academy of Scien-
ces): Influence of The Addition of SiC Nanoparticles on 
The Hardness and Elastic Modulus of Si3N4 Composites 
Measured by Indentation Method 
 

Mechanical properties of Si3N4/SiC nanocomposites 
with different amount of SiC particles were investigated by 
nanoindentation with spherical diamond indenter. Depth sens-
ing technique was used to measure the values of hardness and 
elastic modulus. Indentation with the spherical indenter also 
enabled to investigate the elastic-to-elastic/plastic transition 
phenomena that are extremely difficult to study by using other 
methods. 

0

100

200

300

400

500

600

0 100 200 300 400

Depth below contact  [nm]

E
la

st
ic

 m
o

d
u

lu
s 

 [
G

P
a]

Fig. 1. Modulus of elasticity of Si3N4-5wt.% SiC measured by 
depth sensing method of indentation 
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sured by using multiple partial unloading method 


