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a  b  s  t  r  a  c  t

Udimet  520  and  Udimet  720  samples  submitted  to  different  annealing  temperatures  and  ageing  times
have  been  investigated  by small  angle  neutron  scattering  (SANS),  with  the  aim  to  study  precipitates
phases  microstructural  evolution  and materials’  behaviour.

These  materials  are  �′ (Ni3Al,  Ti)  precipitation  hardened  nickel-based  superalloys  possessing  high
eywords:
etals and alloys
icrostructure
eutron scattering

strength,  corrosion  resistance  and  metallurgical  stability.  They  are  mainly  adopted  in high tempera-
ture  environment,  having  found  applications  over  a very  wide  range  of  temperature.  Their  importance
has increased  thanks  to  their  good  balance  of  mechanical  properties  and  economic  potential.

Information  on the thermal  treatment  effects  has  been  obtained,  in particular  concerning  precipitate
size  and  volume  fraction  distributions.  The  results  contribute  to confirm  SANS  to  a level  of industrial

ered
applicability  in  the consid

. Introduction

New alloys and optimized procedures are progressively intro-
ucing innovative information for higher developments to replace
onventional materials, with the main targets of enhancing effi-
iency and lengthening the duration of materials, components and
acilities. Ni-based superalloys possess exceptional creep resistance
nd mechanical strength at high temperatures, in addition to cor-
osion and oxidation resistance; therefore, it is fundamental to
mprove their temperature capability, as well as to develop their

anufacturing processes in order to widen the fields of their appli-
ations. These materials offer numerous possibilities to be used,
ainly in high temperature environment, e.g., in turbo-machinery

ndustry (for instance, jet engines, pump bodies and parts, gas tur-
ines, power plants and rocket motors, subjected to steady and
uctuating stresses due, e.g., to centrifugal force and vibrations)
nd they have been identified as potential candidates for improved
alve materials.

All these alloys have a matrix of � with the major strengthening
hase as �′. High temperature fatigue strength has been identi-
ed as a critical factor in determining the performance of these
aterials. An evaluation of their microstructure, in correlation with
artial information on the fatigue properties, shows that the vol-
me  fraction of the �′ phase is likely to be a dominant factor in
etermining the characteristics at high temperatures. Since the size
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of the strengthening precipitates is also critical, it is anticipated that
the kinetics of coarsening this phase would also be influential in the
long-term performance of the alloys in this application [1].

The crucial parameters for the stability of Ni-based superalloys
at high temperatures are yield stress, high elastic modulus and
low thermal expansion coefficient [2,3], and excellent mechan-
ical properties result also from their two-phase structure and
grain boundaries strengthening by carbides. The duplex structure
consists of �′ precipitates (FCC ordered L12 structure) coherently
embedded in the � matrix (disordered FCC structure). In particu-
lar, the primary �′ phase, consisting of aged coarse precipitates, is
enclosed in a secondary finely dispersed phase, having a particle
size ranging from few nm (secondary phase) to several hundreds
of nm (primary phase). The �′ phase is coherently formed within
the FCC � matrix after proper thermal treatment. The mechanical
properties depend on the precipitates’ size, spatial arrangement
and volume fraction. The high temperature stability and deforma-
tion behaviour strongly depend on microstructural changes caused
by complex operating thermo-mechanical conditions [2,4].

Udimet 520 (U520) is a low volume fraction �′ precip-
itation hardenable Ni-based superalloy with an exceptional
combination of high temperature mechanical properties, corro-
sion resistance and forgeability characteristics. The calculated
major phase contents at 900 ◦C are (wt%): 77.6 (�), 21.6 (�′)
and 0.8 (carbides) [1].  This alloy, developed for use in the

760–927 ◦C temperature range, possesses excellent structural sta-
bility and unusually good fabricability and it is recommended
for applications where high strength at elevated temperatures is
required. Primary uses are blading for aircraft and land-based gas

dx.doi.org/10.1016/j.jallcom.2011.10.106
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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urbines, as well as sheets and bolts for industrial and marine
pplications.

Udimet 720 (U720) is another Ni-based superalloy, solid
olution strengthened with tungsten and molybdenum and pre-
ipitation hardened with titanium and aluminium. This material
ombines high strength with metallurgical stability, as demon-
trated by excellent impact strength retention after long exposures
t elevated temperatures. The calculated major phase contents at
00 ◦C are (wt%): 59.6 (�), 40.0 (�′) and 0.4 (carbides) [1].  Good oxi-
ation and corrosion resistance combined with high strength make
his alloy useful in gas turbine blade and disc applications. More-
ver, Udimet 720, as well as Udimet 520, is being evaluated to be
dopted in high temperature exhaust valves [1].

Various studies have been performed of both superalloys, in the
ast years, with the purpose of investigating their peculiarities and
ehaviours and increase their performances, also by developing
hermodynamic modelling tools. Some of these models estimate
ifferent properties including those thermo-physical and physi-
al, stress/strain graphs, stresses, hardness, coarsening of �′ and �′′

nd creep. The inclusion of micro-structurally sensitive parameters
n these calculations, furthermore, allows connecting with mate-
ials’ models to forecast micro-structure [5]. The investigation of
he grain coarsening behaviour and M23C6 as well as secondary

C carbide precipitation kinetics in U520 showed that primary MC
arbides and M(C, N) carbonitrides affect notably the grain growth,
ith their dissolution close to 1190 ◦C and 1250 ◦C, correspond-

ngly, resulting in two different grain coarsening temperatures. The
rimary MC  carbides are created during the solidification, while
he secondary MC  carbides may  precipitate during an annealing
r ageing process at temperatures less than the MC  carbide solvus
emperature [6].  Wrought U520 specimens were analyzed, to study
he influence of different solutions and ageing processes on the dis-
olution and precipitation kinetics of �′ and to assess the optimum
re- and post-forge heat treatment programmes. Double ageing
reatments were performed at 925 ◦C/4 h/air cooled, followed by
geing at 700 or 800 ◦C for durations in the range 1–100 h. The pre-
ipitates’ shapes resulted almost spherical at the beginning and, by
nhancing the ageing time (especially at 800 ◦C), it appeared a par-
ial change to cuboidal shapes [7].  U520 specimens were submitted
o hot compression isothermal tests in the range 900–1150 ◦C with
ifferent strain rates, with the aim to analyze the deformation
ehaviour at high temperature. Tests at ≤950 ◦C led to fracture
or all the adopted strain rates, while the flow behaviour at 1000,
050 and 1075 ◦C indicated a dynamic recovery and, at higher
emperatures, recrystallisation appeared as the softening mecha-
ism [8].  Wrought U720 samples were submitted to tests in air at
00 ◦C under stress control, in order to investigate high temper-
ture fatigue, creep and creep-fatigue properties. A creep dwell
eriod was introduced in the fatigue loading conditions, result-

ng in a high enhance of the cyclic strain rate and in a decrease
f the number of cycles to failure corresponding to the applica-
ion of a short dwell time of 1 s. The higher the dwell time, the

ore detrimental resulted the outcomes on durability [9].  U720
pecimens were submitted to hot compression tests in solution-
reated conditions (simulating the forging process), to study their
ot deformation behaviour. Samples were deformed in the tem-
erature range 1000–1175 ◦C with different strain rates. A flow

ocalization appeared for all the specimens under 1100 ◦C, as shear
and through the diagonal direction and enhanced at upper strain
ates. Tests in the range 1100–1150 ◦C resulted in a uniform defor-
ation, with dynamic recrystallisation as the main flow softening
echanism over 1125 ◦C. Deformation exceeding �′ solvus tem-
erature was joined with grain boundary separation [10]. U720
amples were submitted to a solution treatment above the �′ solvus
emperature (to dissolve all �′ before cooling at either a slow bil-
et or a faster two-step intermediate cooling rate), in order to
nd Compounds 513 (2012) 510– 517 511

study, in comparison with other Ni-based superalloys, the response
to ageing at 800 ◦C and the effects of composition and cooling
rate on �′ morphology, alloy hardness and �–�′ mismatch. The
investigated materials, by cooling at a slow billet rate, followed
the Lifshitz–Slyozov–Wagner theory (which predicts the coarsen-
ing rate for alloys), with an enhancement of the precipitate size
by increasing the time and a formation of peak hardness in con-
nection with a specific precipitate size [11]. Ni-based superalloys
turbine blades for power plants, e.g., are generally working in very
rigorous conditions, i.e. centrifugal loads, an extremely high tem-
perature (800–1000 ◦C) of the gas, high temperatures gradient and
vibrations. Such environment can involve a risk of material’s fail-
ure associated with events like creep, high cycle fatigue, thermal
fatigue and corrosion. Characterization of the precipitates is usu-
ally carried out by traditional methods such as image analysis,
scanning electron microscopy (SEM), energy-filtered transmission
electron microscopy (TEM), X-ray diffraction and theoretical mod-
elling. First stage gas turbine blades for power plant (as received
and after 31,325 engine operating hours at turbine inlet temper-
ature of 1154 ◦C), made of wrought Udimet 520, were submitted
to the following tests: optical and scanning electron microscopy
to detect the microstructural constituents, hardness, force con-
trolled fatigue, accelerated stress rupture adopting constant load
creep testing machines and impact at 800 ◦C. The results showed,
e.g., a dissolution of intra-granular MC  carbide precipitates in the
mid-section and a coarsening of continuous inter-granular precipi-
tates in mid- and top section of the exercised blade, a degeneration
at grain boundaries and a formation of � phase in the mid and
top section [12]. U720 samples cut from a land based gas turbine
forged blade, solution treated at different temperatures for holding
times in the range 2–24 h and successively quenched, were ana-
lyzed by using optical and scanning electron microscopy, to study
the influence of diverse heat treatment conditions on the kinet-
ics of �′ precipitates dissolution, re-precipitation and growth. The
obtained results included the evaluation of the �′ solvus temper-
ature (∼1150 ◦C), the assessment of the activation energy for �′

coarsening (in the range 250–265 kJ/mol) and the estimate of a ref-
erence plot to predict the coarsening behaviour of �′ in different
heat treatment conditions [13].

SANS is a useful tool for materials characterization in the
nanoscale range (1–100 nm), and although its full strength has
not been employed yet, it presents the advantages of being
non-destructive and providing information with high statistical
exactness, due to the averaging over a macroscopic sample volume.
Some earlier SANS studies of other Ni-based superalloy samples
[14–16] and on real turbine buckets [17], for instance, have shown
the measurement feasibility and the industrial applicability of the
considered technique, which can supply complementary informa-
tion to those obtained by TEM and SEM, where a very small area
of the sample can be probed, thus resulting in a reduced statisti-
cal significance. The aim of our study is to recognize the structural
features of these two types of alloys as dependent on the tempera-
ture (800–900 ◦C) and the ageing time (250–6000 h) in spatial scale
∼101–102 nm responsible mainly for the functional properties of
these materials.

2. Materials and methods

U520 and U720 10 mm × 10 mm × 2 mm samples submitted to different anneal-
ing temperatures and ageing times, as listed in Tables 1 and 2, have been investigated
by using the V12 double crystal SANS diffractometer with bent crystals [18] at HMI,
Berlin. This device (see the layout in Fig. 1) allows for the operation in the medium

q-range and to overlap the q-gap between conventional SANS instruments and
Bonse-Hart cameras. In our case, the adopted neutron wavelength was � = 0.478 nm,
while the instrumental device was  adjusted to cover the range of momentum
transfer from qmin ∼ 2 × 10−3 nm−1 to qmax ∼ 8 × 10−2 nm−1. The nominal chemical
composition of the considered materials is reported in Table 3.
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Table  1
Udimet 520 samples and treatments.

Sample Ageing time, h Annealing temperature, ◦C

1 As-cast state
2 1000 800
3 3000 800
4  6000 800
5 1000 900
6  3000 900
7  6000 900

Table 2
Udimet 720 samples and treatments.

Sample Ageing time, h Annealing temperature, ◦C

1 250 800
2 1000 800
3  3000 800
4  250 850
5  1000 850
6  3000 850
7  250 900
8 1000 900
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Fig. 2. SANS-intensities I(q) vs. momentum transfer q for Udimet 520 as dependent
on  ageing time (800 ◦C): 1 – original sample, 2–4 – sample treated for 1000, 3000
and  6000 h respectively. Fitting curves correspond to the function (1).

T
N

Fig. 1. Layout of the adopted SANS instrumentation.

SANS, among the different techniques allowing materials characterization in
he nano-scale range 100–102 nm,  has the advantage of being non-destructive and
roviding information with high statistical accuracy, due to the averaging over a
acroscopic sample volume. The small absorption of neutrons, in particular, con-

ents in many cases the investigation of centimetre thick material.
The data treatments are usually performed using the Guinier approximation.

t  all the annealing temperatures, the scattering intensity distributions can be
escribed by the three-component Guinier model:

(q) =
∑

Ii0 · exp

[
−(RGi · q)2

3

]
+ B (i = 1, 2, 3) (1)

here

i0 = K2
i

· Ni · V2
i

= K2
i

· ϕi · Vi (2)
s  the intensity scattered from the particles fraction (being Ni the number of scatter-
rs, RGi the gyration radius, Vi the volume, Ki the contrast and ϕ the volume fraction of
articles), B is the incoherent background. For a detailed treatment of the theoretical
ases, see Ref. [19–24].

able 3
ominal chemical composition of Udimet 520 and Udimet 720 superalloys (wt%).

Alloy Ni C Al Co Cr 

Udimet 520 Bal. 0.05 2.0 12.0 19.0 

Udimet 720 Bal. 0.03 2.5 14.7 17.9 
Fig. 3. SANS-intensities I(q) vs. momentum transfer q for Udimet 520 as dependent
on  ageing time (900 ◦C): 1 – original sample, 2–4 – sample treated for 1000, 3000
and  6000 h respectively. Fitting curves correspond to the function (1).

3. Calculations, results and discussion

The SANS patterns for U520 superalloy, obtained respectively
for the as-cast state and for the annealing at 800 and 900 ◦C, are
displayed in Figs. 2 and 3 as dependent on the duration of the ther-
mal  treatment (t = 1000, 3000 and 6000 h). In these patterns, the
final scattering data are displayed after the background subtrac-
tion and normalization on the instrumental curve. A substantial
deviation of scattering curves (data 2–4) from that related to the
original sample (data 1) was  observed, as a result of ageing at
800 ◦C, only for long annealing time t = 6000 h (data 4) while at
shorter times the effects of the thermal treatment on the nano-
scale structure are weakly pronounced. It seems that at 800 ◦C
a critical time 3000 h < t* < 6000 h would exist, which should be

exceeded to induce any visible structural changes. As a result of
long-time heating, the SANS character in experimental q-range
undergoes the evolution, with the appearance of at least two
structural levels corresponding to the size of structural elements

Mo Nb Ti W B Zr

6.0 – 3.0 1.0 0.005 –
3.0 0.01 5.0 1.3 0.033 0.03
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ig. 4. Udimet 520 annealed at 800 ◦C. Data 1–3: gyration radii RG (a) and forward 

cattering function (1), Table 4).

 ∼ 1/q  ∼ 100 nm (hump on the scattering curve at q ∼ 0.01 nm−1,
ata 4) and R > 100 nm (strong growth of I(q) at q ≤ 0.006 nm−1).

The temperature increase by 100 ◦C, on the other hand, makes
he alloy’s structure relatively labile. A possible critical time is
educed, t* < 1000 h. This is evident from the patterns showing a
rogressive enhancement of intensity when the treatment time
ecomes longer, t ∼ 1000–3000 h. A trend to saturation in struc-

ural evolution is observed, moreover, since the intensity at low

 ≤ 0.01 nm−1 for the maximum time t = 6000 h becomes slightly
esser with respect to that at t = 3000 h. The SANS-behaviour for
nnealing at 900 ◦C did not demonstrate such a discrete character

ig. 5. Udimet 520 annealed at 900 ◦C. Data 1–3: gyration radii RG (a) and forward scatte
cattering function (1), Table 4).
ring intensities I0 (b) vs. ageing time t for the precipitates’ fractions 1–3 (modes of

of structuring as compared to Fig. 2 (data 4). Oppositely to the data
at 800 ◦C, in Fig. 3 it is revealed a smooth monotonous increase of
SANS-intensities in low-q-region for all ageing times.

Although some differences are found among the curves obtained
for different ageing times, the final gains in scattering for both
series of treatment are approximately at the same level. The
growth of I(q) by ∼3 times at low q ∼ 0.003 nm−1 (Figs. 2 and 3)

indicates that, in general, a formation of large-scale struc-
tures (∼102 nm)  at 800 and 900 ◦C must be governed by the
same mechanism, while the structuring rate depends on the
temperature.

ring intensities I0 (b) vs. ageing time t for the precipitates’ fractions 1–3 (modes of
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Table  4
Fitting parameters of scattering function (1) for Udimet 520 annealed at 800 and 900 ◦C.

T, ◦C t, h I01, arb.un. RG1, nm I02, arb.un. RG2, nm I03, arb.un. RG3, nm

As received – 22.7 ± 0.8 35.7 ± 0.6 224.0 ± 43.5 267.7 ± 14.4 2033 ± 130 546.7 ± 17.7
800 1000 33.1 ± 1.1 45.9 ± 0.8 231.0 ± 40.6 269.0 ± 13.7 1547 ± 82 546.6 ± 18.2
800 3000 1.3 ± 0.5 20.7 ± 4.8 120.0 ± 1.0 70.9 ± 0.6 1508 ± 26 475.8 ± 2.9
800  6000 1.3 ± 0.8 21.3 ± 6.3 396.4 ± 3.6 94.9 ± 0.7 3383 ± 66 478.4 ± 3.5
900  1000 3.7 ± 1.0 26.3 ± 3.4 662.6 ± 8.3 162.2 ± 1.1 1816 ± 89 554.3 ± 10.6
900  3000 5.8 ± 1.2 34.8 ± 2.8 987.3 ± 70.3 192.4 ± 3.4 1366 ± 55 339.2 ± 10.0
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The function q I(q) achieves a saturation at q ∼ 0.02 nm that
indicates the Porod’s asymptotic behaviour I(q) ∼ 1/q4. Then, at
higher q > 0.025 nm−1, the magnitudes of q4I(q) decrease due to
interference effects in scattering from the neighbouring particles.
900  6000 2.3 ± 1.1 28.1 ± 4.4 

In order to understand the subtle features of structure evolu-
ion under thermal treatment, the data were approximated by the
hree-modal function (1),  which describes all the data satisfactory
t the fitting parameters given in Table 4.

The relationships between partial forward scattering intensities
ok and gyration radii of corresponding fractions are clear visi-
le in Figs. 4 and 5. The data from Table 4 are presented here to
emonstrate the main features of structural transformation of U520
n spatial scales R ∼ RG ∼ 101–102 nm.  As it is seen from Fig. 3a,
he long-time treatment (800 ◦C, t > 1000 h) caused the substantial
ecrease (factor ∼2–3) of particles sizes belonging to small and
iddle fraction. The small fraction’s scattering ability measured

y the intensity I01, moreover, dropped by an order of magnitude
Fig. 4b), so the contribution of small particles (RG ∼ 20 nm)  to the
cattering intensity becomes negligible. This can be a result of two
rocesses. Firstly, one can suppose that the particles are destroyed

nto tiny fragments dissolved in the matrix. On the other hand, the
articles of small fraction may  aggregate. A remarkable growth of

ntensities I02 and I03 related to middle and large fraction, however,
s observed only for the longest ageing time t = 6000 h, when small
ntities have disappeared by the heating during the time t = 3000 h.

The data in Fig. 4, therefore, testify the breaking of small
tructures and a relatively independent formation of middle- and
arge-size structures for a long time, t ∼ 6000 h. It should be noted
hat such large-scale domains undergo only ∼10% decrease in size
ven by long treatment (t = 6000 h), although the middle-sized enti-
ies show a disintegration (their gyration radius becomes lower by
3 times, see Fig. 4a). At 800 ◦C, thus, the most stable structures
re large-scale formations demonstrating a trend to progressive
evelopment by long-time annealing.

The structural peculiarities of alloy under the treatment at
00 ◦C were found still remarkably different (Fig. 5). Initially, it was
ssessed a decrease in size for large-scale domains (∼30%). It is com-
arable to this effect (30–40%) for middle and small entities. All the
tructural elements, hence, do not result enough stable by the age-
ng. The scattering ability of small fraction has disappeared during
he long-time annealing, while the big-size structures have shown
ractically the same forward scattering intensity. The middle-sized
articles, however, have induced a huge growth in forward scat-
ering intensity I02 (Fig. 5b): nevertheless, it is non-monotonous,
howing a maximum at t = 3000 h. The discussed features of nano-
tructures can be understood more clearly by using a further data
resentation. In Figs. 6 and 7, the parameters I0/RG3 ∼ � propor-
ional to volume content for each fraction ϕ1,2,3 are presented as
ependent on annealing time at 800 and 900 ◦C. It is assumed
hat the particles in all fractions possess the same contrast fac-
or, Ki = K. The data in Fig. 6 exhibit a redistribution of different
olume fractions in the alloy matrix. The ageing process at 800 ◦C
uring the time t ≥ 3000 h leads to a decrease in the volume con-
ent ϕ01 of small-sized objects, while the volume parts of the 2nd

nd 3rd fractions demonstrate an enhancement. As a result, the 2nd
ype of particles dominates and the volume parts of other fractions
till remain at a level being ∼2 times lower than that related to
he middle fraction. This redistribution, conversely, alters the sum
.2 ± 66.8 202.8 ± 6.0 2087 ± 49 362.8 ± 7.7

volume part only slightly (data 4, Fig. 6) that guarantees the stable
functional properties of the considered alloy.

At higher temperature (900 ◦C), on the other hand, the total con-
tent of inclusions does not remain constant (Fig. 7), dropping by a
factor ∼2 in the range of ageing time t = 0–6000 h. This is explained
by the fact that the small fraction disappears but the content growth
for the middle- and big-sized fractions is not enough to compensate
the deficit. These data display a crucial influence of the temperature
enhancement on nano-structure, defining alloy’s stability regard-
ing to mechanical properties.

The above used approach is based on the three-modal Guinier
scattering function (1) to evaluate the structural parameters of
U520 (gyration radii and the contribution of fractions to the total
content of inclusions). The scattering data, except of inclusions’
sizes, contain the information on the character of interface between
these inclusions and the surrounding matrix. In the Porod’s data
presentation, this interface is revealed as a sharp border that is
evident from the behaviour of modified intensity q4I(q) (Fig. 8).

4 −1
Fig. 6. Parameter I0/RG3 ∼ ϕ being proportional to volume fractions for small, middle
(1, 2) (a) and large (3) (b) structural elements in Udimet 520 vs. ageing time (800 ◦C).
The sum of the parameters I0/RG3 for all types of elements is shown in (b) (data 4).
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Table 5
Partial (ϕ1–3) and total (ϕt) volume fractions of inclusions in Udimet 520 treated at
800 and 900 ◦C for the times t = 0–6000 h.

T, ◦C t, h ϕ1, vol.% ϕ2, vol.% ϕ3, vol.% ϕt , vol.%

– – 16.1 ± 4.0 0.4 ± 0.2 0.4 ± 0.1 16.9 ± 4.0
800 1000 11.1 ± 2.8 0.4 ± 0.2 0.3 ± 0.1 11.8 ± 2.8
800 3000 4.9 ± 4.0 10.9 ± 2.1 0.5 ± 0.1 16.3 ± 4.5
800 6000 4.4 ± 4.0 15.0 ± 1.5 1.0 ± 0.2 20.4 ± 4.4
ig. 7. Parameter I0/RG3 ∼ ϕ being proportional to volume fractions for small, middle
1, 2) (a) and large (3) (b) structural elements in Udimet 520 vs. ageing time (900 ◦C).
he sum of the parameters I0/RG3 for all types of elements is shown in (b) (data 4).

he interference indicates a relatively high concentration of
nclusions when the characteristic distances between them are
omparable to their diameters. In the U520 alloy annealed at 800 ◦C
or long time (t = 6000 h), the middle-sized particles dominate in
he total volume of inclusions. The scattering data in the Porod’s
resentation, therefore, are described by the model function:

4I(q) = Aq4F(q)2S(q) (3)

or spherical particles (radius R2, volume content ϕ2) randomly
istributed in matrix [25,26].

In (3),  A ∼ K2ϕ2V2 is a parameter proportional to the contrast
actor K for particles in matrix and V2 = (4�/3)R3

2 is the particle
olume. Its form-factor:
(q) =
(

3
z3

)
[sin(z) − z · cos(z)] (4)

ig. 8. SANS-data for Udimet 520 aged at 800 ◦C (t = 6000 h) in Porod’s presentation,
4I(q) vs. q. Curve is the approximation function (3).
900 1000 6.6 ± 4.4 5.0 ± 1.0 0.3 ± 0.1 11.9 ± 4.5
900 3000 4.5 ± 2.4 4.5 ± 1.4 1.1 ± 0.3 10.1 ± 2.8
900 6000 3.4 ±  2.8 2.1 ± 0.8 1.4 ± 0.3 6.9 ± 2.9

depends on the variable z = qR2. The structural factor:

S(q) = 1
{1 + 8ϕ2(3/X3)[sin(X) − X · cos(X)]} (5)

is a function of the variable X = 2z and it is defined by the excluded
volume, since the particles occupy a part (ϕ2) of sample’s vol-
ume. The function (3) approximates satisfactory the data (Fig. 7) at
the following parameters: A = 544 ± 11 arb.un.; R2 = 127.1 ± 1.0 nm;
ϕ2 = 15.0 ± 1.5 vol.%. It should be stated that the value of radius
R2 ≈ 127 nm ≈ (5/3)1/2RG2 = 123 ± 1.0 nm is close to this one esti-
mated from the gyration radius (Table 1) of uniform sphere. A
comparison of the parameter �2 = I02/R3

G2 and the total magnitude:

˚t =
[

Io1

R3
G1

+ Io2

R3
G2

+ Io3

R3
G3

]
(6)

in Fig. 6 (Table 1) provides the evaluation of total content of inclu-
sions: ϕ800 ◦C = ϕ2(˚t/˚2) = 20.4 ± 4.4 vol.% (t = 6000 h).

It should be noted that in this simplified consideration the model
of spherical particles has been applied. The shape of inclusions,
really, has to be close to the cubic one. Nevertheless, these cubes are
obviously randomly oriented regarding to q-vector, i.e. a spherical
symmetry in scattering exists. The comparison between the model
scattering function for uniform sphere (radius R) and that for cubes
(size ACUBE) having the same gyration radius RG = ACUBE/2 = (3/4)1/2R
[25,26] demonstrated very close behaviours: the deviation is small
(≤1–5% in the range of qR ≤ �) and does not exceed the experimen-
tal errors shown in the presented data (e.g., in Fig. 7). Therefore, the
application of the spherical approximation is correct. Finally, it is
obtained the size of cubic particle ACUBE2 = 2(3/5)1/2R2 = 197 ± 2 nm.

In similar way, from the data in Figs. 6 and 7 (Table 1)
there was found the inclusions’ volume fraction for U520 as
received, i.e. ϕ0 = 16.9 ± 4.0 vol.% As a result of ageing at 900 ◦C
(t = 6000 h), the volume part of inclusions was decreased by ∼3
times, ϕ900 ◦C = ϕ2(˚t/˚2) = 6.9 ± 2.9 vol.% For shorter ageing times
(t = 1000, 3000 h) at 900 ◦C, the contents of inclusions were found
∼12 vol.% and 10 vol.% respectively. These magnitudes are com-
parable, but they result ∼2 times less than the values of ϕ ∼ 20%
reported in Ref. [1].  This discrepancy may  be attributed to a possible
presence of very large (≥103 nm)  inclusions not detected in these
SANS measurements. The partial and total fractions of inclusions in
the U520 alloy, finally, are listed in Table 5.

The results for U520 differ remarkably from those related to
U720. Similarly as above, the approximation of SANS-intensities
was  obtained for U720 by using the function (1).  The SANS-patterns
dependent on thermal treatment at 800, 850 and 900 ◦C are shown
in Figs. 9–11 and the fitting parameters are summarized in Table 6.
As compared to U520, in the U720 samples three types of structural
element were found only at 800 ◦C for the ageing times t = 250 and
1000 h. During a longer treatment (t = 3000 h), the small and large
structures result destroyed, while only the middle-size inclusions

demonstrate stability in size and scattering ability (Table 6).

At higher temperatures (850 and 900 ◦C, Table 6) the middle-
sized particles prevail, while only a low amount of small particles
was  found after the treatment for short time t = 250 h (900 ◦C).
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Table  6
Fitting parameters of scattering function (1) for Udimet 720 annealed at 800, 850 and 900 ◦C.

T, ◦C t, h I01, arb.un. RG1, nm I02, arb.un. RG2, nm I03, arb.un. RG3,  nm

800 250 352.3 ± 31.7 120.6 ± 2.6 1308 ± 53 225.2 ± 5.9 3074 ± 58 447.6 ± 7.9
800 1000 42.5 ±  19.0 93.7 ± 6.5 901 ± 16 159.0 ± 2.8 3253 ± 29 374.9 ± 2.9
800 3000 – – 931 ± 5 187.2 ± 0.6 – –
850  250 – – 625 ± 5 178.3 ± 0.8 – –
850 1000 – – 547 ± 7 200.3 ± 1.4 – –
850  3000 – – 639 ± 35 160.3 ± 2.3 1249 ± 28 302.5 ± 6.3
900  250 11.5 ± 3.6 81.6 ± 8.4 965 ± 7 225.0 ± 1.5 – –
900  1000 – – 1536 ± 26 190.4 ± 1.0 1987 ± 59 436.3 ± 8.6
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ig. 9. SANS-intensities I(q) vs. momentum transfer q for Udimet 720 as dependent
n  ageing time (800 ◦C): 1–3–sample treated for 250, 1000 and 3000 h respectively.
itting curves correspond to the function (1).

 longer heating (t = 1000, 3000 h) did not initiate any formation
f small particles, but caused the structuring at middle and large
patial levels (RG2 ∼ 200 nm,  RG3 ∼ 300–400 nm,  see Table 6). The
720 material trends to generate the inclusions with gyration radii
200–400 nm,  being in average better than the precipitates in U520

gyration radii ∼20–500 nm).
The volume fractions of inclusions in U720 have been finally

ssessed. With this purpose, the data for the ageing at 850 ◦C
t = 1000 h) were plotted in the Porod’s presentation, showing
n increase of the modified intensity q4I(q) up to saturation at

 ∼ 0.01 (Fig. 12).  At higher q-magnitudes the modified intensity

omes down due to some interference effects in scattering from
he neighbouring particles. It is important that in U720 aged at
50 ◦C for 250 and 1000 h there were found only middle-sized
articles (Table 3). It was applied, hence, the approximation with

ig. 10. SANS-intensities I(q) vs. momentum transfer q for Udimet 720 as dependent
n  ageing time (850 ◦C): 1–3–sample treated for 250, 1000 and 3000 h. Fitting curves
orrespond to the function (1).
Fig. 11. SANS-intensities I(q) vs. momentum transfer q for Udimet 720 as depen-
dent on ageing time (900 ◦C): 1, 2–sample treated for 250 and 1000 h. Fitting curves
correspond to the function (1).

the model function (3) for uniform spherical particles (radius R2)
randomly distributed in the sample’s volume. The fitting with
function (3) gives the following parameters: A = 670 ± 14 arb.un.;
R2 = 257.6 ± 1.0 nm;  ϕ2 = 9.2 ± 0.9 vol.% (850 ◦C, t = 1000 h).

As above reported, the radius R2 of the effective spherical
particle gives the size ACUBE2 = 2(3/5)1/2R2 = 399 ± 2 nm of the cor-
responding cubic inclusions.

The value of ϕ0 = 9.2 ± 0.9%vol. (treatment at 850 ◦C, t = 1000 h),
then, has served as a reference parameter to compute the partial
and total volume fractions for the data at 850 and 900 ◦C (Table 7). It
was  obtained in a similar way as above, i.e. by using the magnitudes
of forward scattering intensities and gyration radii (Table 6).

As compared to U520, the U720 alloy possesses a higher

ability to form precipitates whose total concentration surpasses
that related to U520 by a factor 2–3 (Table 7). At the tem-
perature 800 ◦C (t = 1000 h), e.g., in U720 the total content of

Fig. 12. SANS-data for Udimet 720 aged at 850 ◦C (t = 1000 h) in Porod’s presenta-
tion, q4I(q) vs. q. Curve is the approximation function (3).
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Table  7
Partial (ϕ1–3) and total (ϕt) volume fractions of inclusions in alloy Udimet 720 treated at 800, 850 and 900 ◦C during the times t = 250–3000 h.

T, ◦C t, h ϕ1, vol.% ϕ2, vol.% ϕ3, vol.% ϕt , vol.%

800 250 27.2 ± 4.1 15.5 ± 2.1 4.6 ± 0.5 47.5 ± 6.5
800 1000  7.0 ± 3.5 30.3 ± 3.5 8.3 ± 0.9 45.6 ± 9.7
800  3000 – 19.2 ± 2.0 – 19.2 ± 2.0
850  250 – 14.9 ± 1.5 – 14.9 ± 1.5
850 1000 – 9.2 ±  0.9 – 9.2 ± 0.9
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nclusions resulted ϕt ∼ 46 vol.%, while the U520 sample contained
nly ϕt ∼ 12 vol.% of precipitates. Roughly is kept also at higher
emperature (900 ◦C, t = 1000 h): in U720, it results ϕt ∼ 33 vol.%,
hile in U520 it results ϕt ∼ 12 vol.%

The obtained concentrations lay at the level of estimates given
or the U520 and 720 (∼20 and 40%) [1].  This should be considered
s a really satisfactory agreement, since our data and the estimates
f Ref. [1] relate to different samples.

. Conclusions

SANS has enables us studying the structural evolution after ther-
al  treatments of U520 and U720 superalloys at a nano-scale level

nd evaluating the precipitates’ dimensions and volume contents.
lthough these alloys have a relatively close each other chemical
omposition, they exhibit a very different ability to form precipi-
ates at the temperatures 800–900 ◦C.

U520 demonstrated a growth of inclusions in a wide range of
izes (∼20–500 nm), while their volume content does not exceeded
0%. U720, on the other hand, exhibited a stronger tendency in
tructuring, which was revealed by the formation of larger domains
n the matrix (gyration radii ∼200–400 nm,  content ∼10–40%),

hile small-sized structures were practically not observed. The
720 alloy, as compared to U520 under the same conditions, may

orm a more regular nano-structure, which promotes in its stability
nd strengthening.

The adopted technique is suitable to be regularly exploited for
he accumulated damage evaluation in the considered materials
nd components.
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