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A Ni based single crystal superalloy from the 2nd generation, PWA 1484, and one from the 4th generation, PWA
1497, were comparatively studied by scanning electron microscopy, energy dispersive X-ray spectroscopy and
nanoindentation technique in an atomic force microscope (NI-AFM) after high temperature creep deformation.
During primary creep of both generations of superalloys, γ' precipitates start to coalesce and grow directionally.
Further creep deformation leads to the topological inversion and coarsening of the rafted microstructure. The
NI-AFM technique was used for measurements of the hardness of the γ and γ' phases in as-received and creep
deformed samples in various conditions. The g matrix of the PWA 1497 superalloy is on average 0.8 GPa harder
than that of PWA 1484 that can be explained by higher content of Re and Ru, since they partition pre-
dominantly to the matrix phase.
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1. INTRODUCTION

Single crystal (SC) nickel-base superalloys are mainly applied
as turbine blades and vanes in aero-engines and industrial
gas turbines. This group of alloys has been constantly devel-
oped for over 40 years to increase their superior mechanical
properties such as creep resistance and high temperature
strength. The microstructure of SC superalloys consists of a
high volume fraction of hardening γ′ phase which is coher-
ently precipitated in the γ matrix [1-5].

In the recent years, the coupled nanoindentation atomic
force microscope (NI-AFM) technique has become a valuable
tool for materials science. The application of this technique
is especially promising for precipitation hardening materials
with a precipitate size below 1 μm, e.g. for Ni-base superalloys.
This technique has been described in Refs [6-9]. In the pres-
ent research the NI-AFM technique was used for quantitative
measurements of the hardness of the γ and γ′ phases. Investi-
gations were performed on selected samples of the PWA1484
and the PWA 1497 superalloys for the as-received samples
(after heat treatment) and after creep tests at 982 °C/248 MPa
and various strain conditions. 

The present study focuses on the detailed characterization
of γ and γ' phases (morphology, chemical composition/parti-
tioning, nanohardness) of 2nd and 4th generation SC superalloys
and their microstructural changes during creep deformation
at high temperature. We correlate the microscopic and spec-
troscopic findings with the hardness of the phases with the
intention of a better understanding of the microstructural
parameters that influence the creep behavior of SC superal-
loys. 

2. EXPERIMENTAL PROCEDURE

2.1. Investigated materials
Two nickel-base SC superalloys were investigated: PWA

1484, a typical second generation single crystal superalloy
and PWA 1497, a fourth generation single crystal superalloy.
The chemical compositions of both superalloys are presented
in Table 1. Both PWA 1484 and PWA 1497 superalloys were
solidified into single crystals. Bars with orientations within
5° of the <001> casting direction were selected for mechan-
ical testing to minimize the effect of orientation on the results.
The solid bars of the PWA 1484 and PWA 1497 superalloys
were subjected to the customary heat treatment, involving
solution annealing followed by ageing. Further experimental
details are given in Ref. [5].
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2.2. Creep tests
Six specimens (three of PWA 1484 and three of PWA 1497)

were creep tested at the same temperature 982 °C and con-
stant load of 248 MPa. In order to avoid recovery processes
the specimens were cooled under load. One sample from
each alloy was creep tested until rupture. All creep tests
were performed by the Institute of Aviation in Warsaw. The
creep strain curves of the PWA 1484 and the PWA 1497
superalloys deformed under the same conditions are pre-
sented in Fig. 1 [5].

2.3. Sample preparation
All samples were prepared and treated in the same manner

to minimize the influence of sample preparation on the results.
All samples were cut into small pieces with special care to
obtain the same crystallographic orientations, (010) or (100).
To set the same orientation of the samples, cutting was per-
formed along the axis of primary dendrite arms. Sample prepa-
ration for Scanning Electron Microscope (SEM) analyses included
low-speed diamond saw cutting, mechanical polishing with
diamond and silica suspended solids. To reveal details of the
microstructure, chemical etching in a solution of a γ'- dis-
solving agent: 25 ml ethanol + 25 ml HNO3 + 27 ml HCl at room
temperature was performed. Transmission Electron Micros-
copy (TEM) sample preparation include electrochemical pol-
ishing using double-jet Struers TenuPol 3, solution: 450 ml
CH2OHCH2OC4H9 + 450 ml CH3COOH + 100 ml HCLO4,
process parameters were: temperature -4 °C, voltage 26 V. Sam-
ple preparation for NI-AFM technique included low-speed
diamond saw cutting, and two-stage polishing; first standard
mechanical polishing by using diamond suspended solids and

final chemo-mechanical polishing with 0.125 μm silica sus-
pended solids. Final chemo-mechanical polishing allows a
smooth surface to be produced, with a small height difference
between γ and γ' phases in superalloys, which produces con-
trast in AFM.

2.4. SEM and TEM examination
SEM microstructural examination was carried out using a

Merlin Gemini II (ZEISS) microscope. TEM examination
and Energy dispersive X-ray spectroscopy (EDX) analysis was
carried out using TITAN G2 60-300 (FEI) equipped with
ChemiStem system.

2.5. NI-AFM examination
The NI-AFM examination were carried out at room tem-

perature using a Veeco Instruments Multimode atomic force
microscope equipped with an add-on Triboscope force trans-
ducer from Hysitron. The transducer, mounted on a conven-
tional AFM, controls the z-movement of the tip and measures
the indentation force. In all indentation experiments a diamond
cube corner tip (three sided pyramid) with a tip angle of 90°

was used. The same diamond tip was used to image the topog-
raphy of the sample surfaces. All indentations in the γ matrix
phase (in the initial microstructures of both superalloys γ
matrix channels are very narrow) were performed in the
cross-section of matrix channels lying perpendicular to the
surface of the samples. 

The hardness (H) was derived from the nanoindentation
experiments by evaluation of the load-displacement curve
according to the Oliver-Pharr method [10]. The hardness H
is calculated from H = Pmax/Ac equation, where Pmax is the
maximum force during indentation and Ac the projected contact
area. The maximum force during indentation was kept constant
at 250 μN. To secure proper statistics, ten measurements
were performed for each phase (γ or γ') in each sample.

3. RESULTS AND DISCUSSION

Figures 2 and 3 show the microstructures and EDX ele-
mental maps of PWA 1484 and PWA1497, respectively. SEM
analysis of the as-received PWA1484 and PWA1497 superalloy
samples revealed a regular cuboidal morphology of γ′ particles
separated by γ channels. TEM-EDX elemental mapping revealed
the chemical element partitioning in both phases of PWA
1484 and PWA 1497 superalloys. Elemental maps for the 2nd

generation superalloy is shown in Fig. 2(b) and for the 4th

generation superalloy in Fig. 3(b) respectively. It was established

Fig. 1. Creep curves of PWA 1484 and PWA 1497 superalloys, deformed
at 982 °C and constant load of 248 MPa [5]. Hardness measurements
were conducted on creep-interrupted specimens, as marked at both
creep curves.

Table 1. Chemical compositions of the PWA 1484 and the PWA 1497 alloys (Ni-bal., wt%)

Alloy Cr Co Mo Re Ru W Al Ta Hf B
PWA 1484 5.0 10.0 2.0 3.0 - 6.0 5.6 8.7 0.1 -
PWA 1497 2.0 16.5 2.0 5.95 3.0 6.0 5.55 8.25 0.15 40 ppm
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that the matrix of 2nd generation PWA 1484 contains mainly
Ni, Cr, Mo, W, Co and Re, while 4th generation PWA 1497
contains also Ru. The same effect of Ru partitions to the γ matrix
was found by Peng et al. [11], who investigated by Atomic Probe
Tomography an experimental superalloy Astral 21 containing
1 at% Ru derived from CMSX-4 (2nd generation). The γ′
particles precipitated in both superalloys contain mainly Ni,
Al and Ta. During high temperature creep deformation, the
initially cubic-shaped precipitates transform under the influence
of stress and temperature into plates (rafts). The rafts develop

in the early stages of creep (Figs 4 and 5). Simultaneously
with the rafting process, a thickening of the γ matrix channels
parallel to the rafts occurs.

Figure 6 shows PWA 1484 (a) and PWA 1497 (b) superalloys
surface topography revealed by AFM after hardness measure-
ments. Figure 6 further shows the evolution of the microstructure
which is called “topological inversion”. The γ′ phase coalesces,
coarsens and finally surrounds the γ phase, thereby becoming
topologically the matrix [3,12].

Ten indents for each phase ( and ') were performed for

Fig. 2. Microstructure of as-received PWA 1484 (a), SEM image detail (b); STEM-HAADF EDX elemental maps.

Fig. 3. Microstructure of as-received PWA 1497 (a), SEM image detail (b); STEM-HAADF EDX elemental maps. 
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each sample. The scan size for each AFM micrograph is 10 μm
× 10 μm. Brighter colour indicates  matrix phase and '
phase precipitates are represented by darker shade, the con-
trast is obtained due to differences in height on the surface of

the samples which are caused by difference in chemo-mechanical
behavior of the phases. Exemplary load-displacement curves
of the  matrix and ' phase of PWA 1497 superalloy are
shown in Fig. 7.

To understand the change in hardness of the of the γ and γ′
phases in PWA1484 and PWA1497 superalloys the partition-
ing behavior of the alloying elements was calculated. The
partitioning behavior of the alloying elements via the parti-
tioning coefficient k is shown in Fig. 8.

The comparison of the mean hardness of both phases in
each superalloy in the as-received state (see Fig. 9) shows
that the precipitates of the ' phase are always harder than the
 matrix phase. This is mainly due to the chemical composi-
tion and the structure of both phases. The hardness of the '
precipitates of the as-received PWA 1484 superalloy is slightly
higher than the hardness of the ' phase of PWA 1497. It might

Fig. 4. SEM image of PWA 1484 creep deformed at 982 °C/248MPa
to a creep strain of 1.5% for 140 h.

Fig. 5. SEM image of PWA 1497 creep deformed at 982 °C/248MPa
to a creep strain of 0.85% for 480 h.

Fig. 6. Samples of PWA 1484 (a) and PWA 1497 (b) superalloys, creep tested until rupture at 982 °C/248 MPa: surface topography after NI-AFM
tests (indents in  and ' phases are visible) revealed by AFM.

Fig. 7. The exemplary load-displacement curves of the  matrix and '
phase for PWA 1497 superalloy.
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be due to the difference in chemical composition of both
alloys; PWA 1497 contains less Ta which act as a strengthen-
ing element for the ' phase.

In contrary to the ' phase the  matrix of the PWA 1497
superalloy is significantly harder than that of PWA 1484 that
might be explained by higher content of Re and addition of
Ru, since they partition predominantly to the matrix phase,
as shown by EDX analysis of the matrix in both superalloys
(Figs 2b and 3b). Similar results were presented by Durst
and Göken [7] who compared the hardness of  and ' in 1st
(CMSX-6), 2nd (CMSX-4) and 3rd (CMSX-10) generation
of the SC superalloys. According to Durst et al. [7]. the dif-
ferent generations of SC nickel-base superalloys clearly show
an increased hardness of the γ matrix with a higher concen-
tration of rhenium, while no significant difference in the hard-

ness of the γ' precipitates could be found. Hence, the higher
stability of 4th generation superalloy PWA 1497 is related to
significantly stronger solid solution strengthening (among
others, by Re and Ru), which results in higher hardness of 
matrix in comparison with that of 2nd generation PWA 1484
superalloy. This leads also to increased creep strength at high
temperatures because creep deformation is controlled mostly
by dislocation climb in the  phase. During high temperature
creep deformation interfacial dislocations are formed, coherency
stresses are relieved, microstructural coarsening and rafting
of  and ' occurs (see Figs. 4 and 5), however the  matrix of
PWA 1497 still contains a higher concentration of solid solu-
tion strengthening elements Re and Ru. This explains why
the  matrix of crept PWA 1497 is still harder compared to
the  matrix of crept PWA 1484 (see Fig. 10). Durst et al. [7]
as well as Neumeier et al. [12] concluded that the gamma
hardness increases only by about 0.5-0.6GPa if the content
of Re is increased by 3 wt%, i.e. if we go from the second

Fig. 8. Partitioning coefficient kγ'/γ of the alloying elements in the
PWA1484 and PWA 1497 superalloys.

Fig. 9. Hardness of  and ' phase of PWA 1484 and PWA1497 in the
as-received condition.

Fig. 10. Comparison of the mean  and ' hardness of PWA 1484 and
PWA 1497 after creep deformation.

Fig. 11. Hardness ratio as a function of creep strain for of PWA 1484
and PWA 1497. 
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generation Ni-base superalloys CMSX-4 to the third genera-
tion alloy CMSX-10. However, if we compare the initial
states as well as the crept states of PWA 1484 and PWA
1497, we see a larger increase in hardness by adding 3 wt%
Re and 3 wt% Ru, which seems to be an effect of the addi-
tional content of Ru. Since Ru partitions predominantly to
gamma and is known to have a strengthening effect on Ni,
(see Fig. 8), [13], it is reasonable to assume that Ru contrib-
utes also to the increased hardness of PWA 1497 superalloy.

Since there is no tendency or clear difference in the hardness
of and ' phase in the samples after different creep deforma-
tion of both superalloys only the average hardness values of
 and ' after the different creep strains are shown in Fig. 10.
The hardness ratio as a function of creep strain for both
alloys is shown in Fig. 11.

4. SUMMARY

The microstructure of 2nd and 4th generation SC superal-
loys (as-received and creep-deformed samples) was charac-
terized by SEM, STEM-HAADF-EDX and NI-AFM techniques.
The nanoindentation hardness measurements reveal similar
results for as-received as well as crept samples. The hardness
of the ' phase of the PWA 1484 superalloy is slightly higher
than the hardness of the ' phase of the PWA 1497, while the
 matrix of the PWA 1497 superalloy is significantly harder
than that of PWA 1484. This is due to the higher content of
rhenium and ruthenium, since they partition predominantly
to the  phase and act as solid solution strengthening elements.
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