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Abstract

Examples of application of transmission electron microscope (TEM), electron probe X-
ray microanalyzer (EPMA) and scanning electron microscope (SEM) in microstructural
investigation of metallic materials are described. All investigations have been carried
out at the Department of Materials Science, Institute of Nuclear Sciences, Vinéa, Serbia.
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Introduction

Although the activities at the Department of Materials Science cover the research
and development of a wide range of materials such as metals and alloys, ceramics and
carbon materials, the scope of this paper will be exclusively focused on investigation of
metallic materials.

The paper actually represents a historical review of application of transmission
electron microscope (TEM), electron probe X-ray microanalyzer (EPMA) and scanning
electron microscope (SEM) in microstructural investigation of different metals and
alloys. These activities were not only connected with scientific research and
development, but were also aimed to engineering practice and forensic studies.

TEM “JEOL-JEM 7A” was operating between 50 and 100 KeV depending on
investigated materials and the technique applied for the sample preparation (thin foil or
replica).

Data acquired by EPMA “Cambridge Instruments” were complementary to those
obtained by TEM enabling qualitative and quantitative analysis of present phases and
inclusions.
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SEM “Philips XL30” with addition of an energy dispersive spectroscope (EDS)
served not only for observation of microstructure and fracture topography, but also for
qualitative and quantitative analysis.

However, due to aging and absence of outdated spare parts most of these
valuable instruments are not in the working condition.

Results and Discussion

TEM investigations

Samples for TEM were mostly thin foils which were prepared by the “double jet
technique”. The object of investigations were ferrous and non-ferrous metals and alloys
including, among others, Cu and Al-based alloys and alloys based on precious metals.
Some examples of these investigations will be demonstrated in the following text.

Sample of Cu-2Be alloy (chemical composition in this paper is given in wt.%,
unless otherwise stated) after aging at 250 °C for 120 h is characterized by the
“tweedlike” structure (Fig. 1a) indicating that the precipitation of G.P. zones is the
predominant aging mechanism at this temperature. The selected area diffraction pattern
(SADP) which corresponds to this structure reveals continuous and homogeneous
streaks (Fig. 1b). These streaks are connected to precipitation of nanosized and coherent
particles.
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Figure 1. TEM micrograph of Cu-2Be after aging at 250 °C for 120 h. (a) “Tweedlike”
microstructure; (b) SADP showing continuous streaks in (001) direction. Thin foil [1].

The paired configuration of dislocation substructure in Al-1.7Li-2.4Cu-0.07Mg
alloy (designated as 2090) strained at room temperature is shown in Fig. 2a. The
dislocation substructure during straining at 100 °C consists of dislocation lines
frequently bent over short distances (Fig. 2b). This bending of dislocation lines
indicates their immobilization by clustered Cu and Mg atoms.
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Figure 2. TEM micrograph of Al-1.7Li-2.4Cu-0.01Mg alloy. (a) Dislocation
substructure after room-temperature straining (5%) showing dislocation pairs, (b)
substructure after straining (5%) at 100 °C showing “aged” dislocations (denoted with
arrows) as an indication of dislocation reaction with clustered Cu and Mg atoms. Thin

foil [2]

On many occasions the replica technique was applied in order to obtain an
adequate sample to study morphology of present phases by TEM.

The effect of heat treatment on the microstructure of Ni and Co-based
superalloys was mostly studied by the replica technique. The as-cast microstructure of a
Ni-based superalloy Incoloy IN 100 consists of small squared y’ intragranular particles
(F,), some coarser y’ intergranular particles (F;) and very coarse MC carbides (mostly
TiC and MoC) (Fig. 3a). Different morphology of y* and MC particles obtained after
annealing at 850 °C is shown in Fig. 3b.

Figure 3. TEM micrograph. Replica technique .The effect of heat treatment on
morphology of Incoloy IN 100 superalloy. (a) As-cast microstructure;
(b) microstructure after heat treatment at 850 °C for 48 h. Smaller y’ particles (F)),
coarser y’ particles (F) and MC carbides [3].



260 MJoM Vol 15 (4) 2009 p. 257-266

On the example of Ag-11Au-20Pd-2Pt-13.5Cu-1.5Zn dental alloy the application
of EPMA on characterization of phases is illustrated in Fig. 4. The electron image (Fig.
4a) shows that F; and F, plate-like phases appear in the microstructure. X-ray
micrographs shown in Fig 4(b-e) illustrate the distribution of alloying elements, while
Fig. 4g, h represents the distribution of elements along the scanning line L (in Fig. 4a).
A semiquantitative analysis of F; and F, phases is shown in Table 1.
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Figure 4. EPMA micrograph of Ag-11Au-20Pd-2Pt-13.5Cu-1.5Zn alloy. (a) Electron

image; (b) Zn distribution, (c) Pd distribution; (d) Cu distribution; (e) Ag distribution;

(f) Pt distribution; (g) Cu+Pd distribution along line L; (h) Ag+Pt distribution along
line L [4].

Table 1 Distribution of major chemical elements in F1 and F2 phases.

Phase Element, wt.%

Cu Pd Zn Au Pt Ag
F, 22 42 13 5.5 7 5
F, 45 20 2.5 10 3 12

These results imply that the amount of Zn and Pd was higher in the F, phase, but
the concentration of Cu was higher in the F, phase. In both phases the amount of Ag
was much lower than in the surrounding matrix, whereas Pt and Au were rather
uniformly distributed throughout the matrix. These results clearly show that Fiand F,
phases may be regarded as PdZn-rich and CuPd-rich phases, respectively.

Fig. 5 represents the distribution of elements in as-cast superalloy Pratt&
Whitney (PR 444). The highest amount of Ti was detected in the multiple grain
boundary, whereas W and Cr were at their minima.
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Figure 5. EPMA micrograph of as-cast superalloy PR 444. (a) Electron image of
multiple grain boundary, (b) distribution of elements along line L [5].

SEM investigations

The microstructure of the as-cast Zn-27Al1-3Cu alloy (designated as ZA27) is
distinguished by the presence of cored dendrites (Fig. 6a). Using EDS change of
chemical composition along the line L which connects dendrite core (DC-dark phase),
the periphery of the same dendrite, interdendrite region (IR-light phase) and enters into
the periphery and the core of the neighboring dendrite is shown in Fig. 6b. The amount
of Al is highest in the dendrite core and is lowest in the interdendrite region. The line
corresponding to Zn shows opposite trend than that of Al, ie. the maximum of
concentration is in the interdendrite region and the minimum in the dendrite core.
Concentration line of Cu is similar to Zn line, although the level of Cu line is much
lower.
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Figure 6. SEM micrograph. (a) Microstructure of as-cast sample, (DC)-dendrite core,
(IR)-interdendrite) space; (b) change of chemical composition along the line L [6]

The influence of a thin 80Ni—20Cr (at.%) protective coating on the cyclic
oxidation at high temperatures in air of a Ti-24Al-11NbD (at.%) alloy based on Ti;Al was
investigated using SEM. The results of oxidation tests (Fig. 7) showed that deposited
Ni-Cr layer (thickness 1um) provides an improved oxidation resistance due to the
formation of protective oxide scale which prevents the outward Ti diffusion into the
scale. In some extent surface formation of the TiN layer also prevents diffusion of
alloying elements from the matrix.
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Figure 7. SEM micrograph. Ti-24AI1-11Nb alloy annealed in air at 600 °C for 120 h. (a)
With Ni-Cr protection layer, (b) without protection; (c) fractured oxide layer [7]

SEM is a powerful tool for investigation of mechanism of fracture. One of the
numerous projects of this kind was investigation of effect of heat treatment (HT) on the
welded steel rail joints (Fig. 8).

PN B

Figure 8. SEM micrograph. (a) Microstructure of the as-welded joint in the NHT
condition; (b) fracture surface of the welded joint in the NHT condition,

(c) microstructure of HT weld; (d) fracture surface of the welded joint in the HT
condition [8]

It was found that HT improves the mechanical properties of joints and changes
the fracture mechanism from brittle to ductile. Coarse islands of pearlite in the non-heat
treated (NHT) weld joint (Fig. 8a) induce brittle fracture which occurred after a small
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plastic deformation (1.5%). Higher magnification disclosed blocks of low-energy cubic
planes along which cleavage occurred causing brittle fracture (Fig. 8b). By contrast, in
the HT condition improved strength and elongation are attributed to the finer ferrite-
pearlite microstructure (Fig. 8c) and the different fracture mechanism. The rupture
occurred after larger plastic deformation (7%), i.e. ductile fracture was the operating
fracture mechanism distinguished by microvoid coalescence and the creation of ductile
dimples on the fracture surface (Fig. 8d).

Among other metallic materials SEM found its application in powder metallurgy
of Cu-based alloys. SEM micrograph (Fig. 9) shows morphology of Cu-3.5Al powder
particles after milling for 3 h (Fig. 9a) and the development of powder morphology with
increasing milling time (Fig. 9b-d). The milled powder particles are rather flattened
because of the strong plastic deformation occurring at the very beginning of milling.
The particle size increases after milling for 3 and 10 h (Fig. 9b,c, respectively), while 20
h of milling causes the refinement of particle size (Fig. 9d). The average particle size
increases until the welding of particle powders dominates the milling process, but when
the fracture process prevails the particles start to decrease.
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Figure 9. SEM micrograph. Powder particles of Cu-2.5A1 alloy after different time of
milling in high-energy mill. (a) 3h; (b) 5h; (c) 10 h; (d) 20 h [9].

Forensic investigations

These investigations were carried out in order to reveal the causes of accidents in
aviation, traffic transportation and to discover the cause of fire occurrence in various
facilities.
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The TEM microstructure of IN100 supperalloy turbine blade when mounted in
the jet engine and after exploitation is shown in Fig. 10a,b, respectively. Regular
distribution and morphology of y’ phase particles (Fig. 10a) are changed after
exploitation of the blade. The significantly reduced size of ¥’ particles in the area near
grain boundary (Fig. 10b) suggests on their dissolution in the y matrix. In addition, in
the Vlcmlty of the grain boundary zone without of y’ partlcles may be seen.
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Figure 10. TEM. Replica technique. Micrograph of IN 100 superalloy turbine blade.
(a) When mounted in the jet engine, (b) after exploitation [10].

Figure 11. SEM fractograph. Brittle fracture of IN 100 superalloy turbine blade. Note
the fractured MC carbides in c,d [10].
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The SEM fracture of the same turbine blade is illustrated in Fig. 11. Brittle
fracture prevails in In Fig. 11 a,b. A very interesting detail may be seen in Fig. 11 c,d
showing fractured coarse MC carbides.

According to these results it was concluded that the blades were overheated
which weakened their mechanical properties. This, in turn, caused the malfunction of
the engine leading to the plane crash. The main cause of the breakdown was the failure
of an instrument which regulated the working temperature of the engine.

The SEM microphotographs in Fig. 12 show different artifacts collected from the
scene of accidents. Microphotograph of a copper conductor from a fire investigation is
illustrated in Fig. 12a. The material on the conductor was deposited by an arc, whereas
the pores originate from entrapped gases. The structure of the conductor is a single
phase which shows that arcing occurred during the fire.

Figure 12. SEM microphotographs of different artifacts collected from the scene of
accidents. (a) A copper conductor; (b) surface of the turn light tungsten filament [11].

The microphotograph in Fig. 12b shows the fracture surface of a tungsten turn
light filament taken from the spot of a vehicle accident. From the microphotograph it
can be seen that the fracture was a brittle cleavage indicating that the filament was cold
when fractured. This suggested that the turn light was not in active function during
accident.
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