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In this study, the coefficients of friction for three series of welded nickel alloy joints, subjected to different
heat treatments (lack of heat treatment, solution heat treatment, precipitation hardening), were determined.
Heat treatment of the prepared samples was aimed at eliminating the structural and stress gradient, because
the electron beam welding technique is dedicated for constructions with very high quality and strength
requirements. Given the nature of the electron beam process, the authors are aware that the obtained weld’s
structures are characterized by different properties from parent materials, and also from structures melted
under equilibrium conditions.

The scientific aim of the presented work is to determine the influence of heat treatment on the microstructure,
mechanical properties, and performance of dissimilar joints of nickel alloys Inconel 625 and Inconel 718. In
order to determine the coefficient of friction for samples, the scratch test method was used.

As a result of the research, it was proved that subjecting the welds to the precipitation hardening has
a significant effect on abrasion resistance.

wspotczynnik tarcia, sita tarcia, Scratch Tester, twardo$¢, obrobka cieplna, Inconel 625, Inconel 718, spawanie
wiazka elektronow.

Wyznaczono wspotczynniki tarcia dla trzech serii probek poddanych odmiennym procesom obrobki cieplnej
(brak obrobki cieplnej, przesycanie, utwardzanie wydzieleniowe). Obrobka cieplna przygotowanych probek
miala na celu zlikwidowanie gradientu strukturalnego i naprezeniowego, poniewaz spawanie wigzka elektro-
néw dedykowane jest dla urzadzen o bardzo wysokich wymaganiach jako$ciowych 1 wytrzymatosciowych.
Biorac pod uwage charakter procesu spawania wiagzka, autorzy maja $wiadomosé¢, iz uzyskane struktury beda
cechowaly si¢ zdecydowanie odmiennymi wlasno$ciami od materiatu rodzimego, ale réwniez i od struktur
przetopionych w warunkach bliskich warunkom rownowagowym.

Celem naukowym pracy jest okreslenie wptywu obrobki cieplnej na mikrostrukture, wtasnosci mechaniczne
i uzytkowe réznoimiennych potaczen stopow niklu Inconel 625 oraz Inconel 718. W celu wyznaczenia wspot-
czynnikow tarcia dla probek zastosowano metode¢ zarysowania scratch test.

W wyniku przeprowadzonych badan dowiedziono, ze poddanie spoin procesowi utwardzania wydzieleniowe-
go ma znaczacy wplyw na odpornos¢ na $cieranie.

aggressive environments, and reactions with gases,
liquids, and solids. Therefore, materials that can operate

The dynamically developing industrial sectors,
such as the aerospace industry, the space industry, or
the energy industry aim at increasing the efficiency
and longer lifespan of components working in difficult
operating conditions, such as high temperatures,

in extreme conditions are still developed [L. 1-3].
Austenitic nickel alloys, such as Inconel 625
and Inconel 718, exhibit very good properties at high
temperatures between 150—-1500°C, in terms of strength,
corrosion resistance, stress-rupture strength, resistance
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to thermal fatigue, and toughness. For this reason,
this materials are widely used in aircraft-engine hot
section components, aerospace structures, and liquid
rocket components, including both cryogenic and high
temperature operating environments in gas turbines,
submarines, and nuclear reactors [L. 4].

The excellent performance of Inconel 625 and
Inconel 718 are the result of the existence of precipitate
strengthened elements, such as Nb, Al, and Ti, by
which this alloys can be strengthened by v/, y”, and &
phases. The face centred cubic (FCC) structure y' phase
(Ni,(ALTi) is coherent with the y-Ni solid-solution
matrix. The y' phase precipitates only brings a slight
additional strength to the alloy [L. 5-8].

The main hardening phase is body-centred
tetragonal (BCT) metastable y"” phase (Ni,Nb). As
demonstrated by Paulonis et al. the volume fraction
of y" phase is approximately 15%, while the volume
fraction of &' phase is 4% [L. 9-10]. If the alloys is
exposed to long ageing time or to temperatures higher
than 850°C, y" transforms into a stable orthorhombic
& phase (Ni,Nb-5). Since y” and & have the same
composition, the growth of the & phase occurs to the
corresponding depletion of the y” phase. The presence
of the y phase adversely affects the yield and tensile
strengths of the alloys, but it has a beneficial effect
on the rupture ductility, creep, and fatigue properties
[L. 11-13]. In addition, an appropriate amount of & on

Table 1.
Tabela 1. Metodyka wytworzenia probek do badan

the grain boundary prevents undesired grain growth
[L. 14]. The solidification process of cast or welded
nickel alloys is related to the segregation of elements
such as Nb and Mo, which results in the formation of the
Laves phase (Ni, Cr, Fe), (Nb, Mo, Ti). The Laves phase
is a brittle intermetallic compound that often forms
at the interdendritic regions [L. 15]. Moreover, the
presence of this phase has the effect of the deterioration
of the material tensile ductility, fatigue, and creep-
rupture properties [L. 16—17]. In order to minimize the
segregation of niobium and the Laves phase in the fusion
zone of welded Inconels®, increasing the cooling rates of
welded alloys are necessary [L. 18], and it depends on
the type of welding technique, which controls heat input
and dictates liquid metal convection in the weld pool
[L. 19-20].

The scope of this study is to investigate the effect of
heat treatment of dissimilar joints on the microstructure,
the values of the coefficient of friction, and hardness of
the nickel alloys.

MATERIAL AND METHODS

In order to prepare specimens for research, sheets
of Inconel 625 and Inconel 718 were subjected to
the operations described in Table 1. The chemical
composition of nickel alloys is presented in Fig. 1.

Methodology for the creation of specimens for research

treatment

Name of the
specimens
I STAGE: solution heat treatment of Inconel 718; 954°C/1h
A0 II STAGE: electron beam welding of Inconel 718 and Inconel 625 with filler material III STAGE: no heat

I STAGE: solution heat treatment of Inconel 718; 954°C/1h
Al II STAGE: electron beam welding of Inconel 718 and Inconel 625 with filler material
IIT STAGE: solution heat treatment; 954 °C/1h

I STAGE: solution heat treatment of Inconel 718; 954°C/1h
A2 II STAGE: electron beam welding of Inconel 718 and Inconel 625 with filler material
III STAGE: solution heat treatment 954°C/1h, and then two-stage aging: first 718°C/8h and then 621°C/8h

The etching of joints was carried out with a mixture
of 4 g CuSO,, 20 mI HCI, 1 mI H,SO,, and distilled water.
Microstructure examinations of the Inconel 625-Inconel
718 joints were carried out using a Jeol JSM-6610 LV
scanning electron microscope with an EDX analyser
and optical microscope OLYMPUS GX41. In order
to compare the mechanical properties of the initial
sample (AO) and heat treated samples after welding
(A1 and A2), a Vickers microhardness tester, Shimadzu
HMV-G -21DT, with load of 980.7 mN was used. The
average hardness for each of weld joints in each of the

specimens was determined. In order to determine the
kinetics coefficient of the friction of welds, a scratch test
was performed using a Revetest Xpress Scratch Tester.
A schematic diagram of scratch tests is presented in
Fig. 1. The indenter cone was Rockwell made of
diamond with radius of 200 pm. The indenter velocity
of 0.3 mm/min was used over a wear tracks of 5 mm.
Constant Load Scratch Test (CLST) mode of scratch
testing was used. The normal load was constant during
the tests and amounted to 100 N.
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Fig. 1. Schematic diagram of scratch test
Rys. 1. Schematyczny rysunek testu zarysowania
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Fig. 2. Chemical composition of nickel alloys Inconel 718
and Inconel 625

Rys. 2. Sktad chemiczny stopow niklu Inconel 718 i Inconel
625

Inconel 718

Fig. 3. Microstructure of weld joints: a) A0, b) A1, and c) A2

Rys. 3. Mikrostruktura potaczen spawanych: a) A0 c) Al ¢) A2

RESULTS AND DISSCUSION

Microstructural examinations concurred that the
weldments obtained from the electron beam welding
technique were free from surface or sub-surface flaws
including porosity, upset metal, spatter, and under-cuts
(Fig. 3).

A narrow heat affected zone (HAZ) is observed for
all weld joints, which is characteristic for the electron
beam welding technique. Such a narrow heat affected
zone is possible due to the strong concentration and
high stability of the electron stream, which means that
the total heat input is much lower than in other welding
technologies. Microstructures at the fusion zones showed
the presence of the dendritic structures of each weldment.
A microstructure of the fusion zone of Al specimen
showed the presence of fine equiaxed dendrites, and the
fusion zone of A0 and A2 specimens exhibited coarse
dendrites. In Fig. 4, the microstructure of fusion zones
of samples A0, Al, and A2 are presented. In each case
(Figs. 4a-i), the distribution of the individual phases
is consistent with the direction of the heat outflow. In
comparison to the weld microstructure AO (Figs. 4a-
¢), a second operation of the solution heat treatment
of Sample A1l (Figs. 4d-f) resulted in coagulation and
change in the morphology of the precipitates. However,
the use of the precipitation hardening process after
electron beam welding (Figs. 4g-i) led to quantitative
and qualitative changes in the precipitates.

Inconel 625



112 TRIBOLOGIA 5/2018

ISSN 0208-7774

Fig. 4. SEM images of microstructure of fusion zone of a,b,c of Sample A0, d,e,f of Sample A1, and g,h,i of Sample A2
Rys. 4. Obrazy SEM mikrostruktury strefy przetopienia a, b, ¢ — probki A0, d, e, f — probki Al, g, h, i — probki A2

Microhardness measurements (Fig. 5) showed
that, regardless of what operations the structural
elements have been subjected to, Inconel 718 has the
highest hardness value, while dissimilar joints show
intermediate hardness values between base materials.
The weld joint not subjected to any heat treatment after
electron beam welding process (Sample A0) exhibits
the lowest hardness value (247 HV0.1). Application of
second solution heat treatment led to slight increase in
the hardness of Sample Al compared to Sample AO,
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Fig. 5. Average hardness of joints of Inconel 625 — Inconel
718

Rys. 5. Srednia warto$¢ twardosci dla materialéw dla pota-
czen spawanych Inconel 625 — Inconel 718

and Sample A2, and only the aging process forms the
performance properties of Samples A2 (374 HVO0.1).

The results of scratch test are shown in Figs
6, 7, and 8. As a result of the test, it was shown that
precipitation strengthening dissimilar joint (Sample A2)
has the lowest (0.33) and as-welded joint (Sample A0)
has the highest coefficient of friction (0.39). The above
correlations are confirmed by the results of hardness
tests for fusion zones.
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Fig. 6. Coefficient of friction of joints of Inconel 625 —

Inconel 718

Rys. 6. Wspoélczynnik tarcia potaczen spawanych Inconel

625 — Inconel 718
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Fig. 7. Coefficient of friction as a function of road for A0, A1 and A2 joints
Rys. 7. Wspoélczynnik tarcia w funkcji drogi dla ztagcz A0, A11A2
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Fig. 8. Topography of the surface of welds of Sample A0, A1, and A2 (Figs. a, ¢, ¢) and the surface of the welds after scratch

with diamond intender (Figs b, d, f).

Rys. 8. Topografia powierzchni spoin probek A0, A1, A2 (Rys. a, ¢, e) oraz powierzchni spoiny po zarysowaniu diamentowym

wglebnikiem (Rys. h, d, f)
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Figure 8 shows the topography of the weld surface
before and after scratching. Scratching of the weld of
Sample A2 is characterized by the smallest width value.
Simultaneously, small surface development of Sample
A2 scratching is observable compared to the scratches
of A0 and A1 welds, which correlate with values of the
coefficient of friction and hardness.

CONCLUSIONS

The intention of the present study was to determine
the impact of dissimilar weld joints of Inconel 718 and
Inconel 625 on the performance of the resulting structural
element in the perspective of expanding the use of weld
joints of these materials. On the basis of the performed
tests, the following conclusions can be drawn:

The dissimilar weldments obtained from the electron
beam welding technique were free from surface or
sub-surface flaws including porosity, upset metal,
spatter, and under-cuts.

The fusion zones of each sample showed the
presence of dendritic structure. The microstructure
of fusion zone of solution heat treatment sample (A1)
showed the presence of finer equiaxed dendrites than
Samples A2 and AO.

The operation of solution heat treatment of
the weld after electron beam welding caused
a coagulation and change of the morphology of the
precipitates. On the other hand, the change of the
weld microstructure, which took place as a result of
the precipitation hardening process, resulted in the
improvement of strength properties and resistance to
abrasive wear.
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