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Abstract: Welding joint of GH4169 alloy with a good formation was obtained. No macroscopic defects occurred in the joint. The
weld had mainly a dendritic structure; the base metal was a solid solution of Ni, Cr, and Fe, and the strengthening-phase particles
such as Ni;Nb were dispersively distributed along the grain boundary. The average tensile strength of the joint reached 743.7 MPa,
and the Vickers hardness of the weld exceeded HV 300. Because of the segregation of the low-melting compound Ni;Nb at the grain
boundary of the fusion zone, liquid cracks tended to occur as a result of welding stress. The formation of liquid cracks was inhibited
by adding an alloying element, Mn, to the welding bath, because Mn diffused to the fusion zone and the high-melting phase Mn,Nb

formed, and thus the overall properties of the joint were improved.
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1 Introduction

Superalloys are mainly used in the aerospace,
petrochemical, metallurgical, and automobile industries,
and are especially important in the aerospace industry.
Recently, with rapid acrospace development, the demand
for basic research on superalloys has become more
urgent [1—-4]. GH4169 is a superalloy and is important in
aeroengine applications. It has high-temperature strength
and excellent corrosion resistance, and it is easy to
process at 700 °C and exhibits oxidation resistance at
high temperatures. So, it is widely used in various
applications with such requirements [5—9]. The practical
application of new materials involves joining them, and
fusion welding is a relatively good joining method. A
comparatively slow welding speed needs to be adopted
in laser-beam welding of GH4169, and can achieve a
well-shaped welding morphology and avoid the
generation of microcracks [10,11]. Microcracks occur
easily in gas tungsten arc welding, because the welds
have mainly cast structures, which exhibit serious
inhomogeneity in components and dendritic structures
[12,13]. The characteristics of electron-beam welding are
as follows: high energy concentration, high ratio of depth
to width of the weld, few welding deformation, and small

welding heat-affected zone (HAZ). The weld
morphology and the welding quality can be improved by
adding active agents when welding [14,15]. Research on
the application of electron-beam welding, a
high-efficiency welding method, in GH4169 alloy has
been of great significance in the increasing use of this
material.

In this study, the microstructure and mechanical
properties of an electron-beam-welded GH4169
superalloy were investigated, and the reasons for the
generation of liquation cracks in the fusion zone were
analyzed. A method of alloying that inhibits crack
formation was suggested.

2 Experimental

The base metal used in the experiments was the
high-temperature nickel-based GH4169, whose melting
temperature and room-temperature tensile strength are
1260—1320 °C and 800 MPa, respectively. The
composition of GH4169 is shown in Table 1. The
microstructure of the base metal is shown in Fig. 1. The
base metal is a solid solution of Ni, Cr and Fe, and a
light-colored strengthening-phase, consisting of Ni;Nb,
is distributed in the base metal.

The thickness of the GH4169 alloy plate used in the
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Table 1 Elemental composition of GH4169 (mass fraction, %)

C Cr Ni Co Mo
<0.08 17.0-21.0 50.0-55.0 <1.0 2.80-3.30
Al Ti Nb Fe
0.30-0.70 0.75-1.15 4.75-5.50 19.0-20.0

Ni—Cr-Fe (s.s)

Fig. 1 Microstructure of base metal GH4169: (a) Optical
microscopy image; (b) Scanning electron microscopy image

experiments was 6 mm, and it was cut into specimens
with dimensions of 60 mmx25 mmx6 mm using wire
electrical discharge machining (WEDM) before welding.
The sample surfaces were ground and then cleaned with
ethanol. The maximum power of the electron-beam-
welding gun used in the experiments was 6 kW, and the
accelerating voltage, beam current, and welding speed
used in the welding process were 55 kV, 25-30 mA, and
8 mm/s, respectively.

After welding, WEDM was used to obtain samples.
The joint microstructures were observed using an optical
microscope and scanning electron microscope (SEM).
The elemental components of the joints were analyzed
using energy spectrum analysis and linear scanning, and
the phase compositions of the joints were analyzed using
X-ray diffraction (XRD). The mechanical properties tests
conducted on the joints were room-temperature tensile
strength tests, microhardness distribution of the joint
fracture

cross-section, and observation of the

morphology.

3 Results and analysis

3.1 Joint microstructure

The electron-beam-welded GH4169 alloy joints
were in good shape, and no macroscopic defects
occurred in the joints. The cross-sectional morphology of
after welding is shown in Fig. 2(a). It can be clearly
observed from the figure that the weld has a cast
structure with characteristic columnar grains, whose
solidification and crystallization direction is vertical to
the fusion line and then grows into the welding bath.
During the process of electron-beam welding, the
cooling rate of the welding bath is very high and the
thermal gradient at the edge of the welding pool is larger
than that in the middle. The undercooling degree is
inversely proportional to the ratio of the temperature
gradient and cooling rate, therefore, coarse columnar
grains form near the fusion line but fine dendritic crystals
form at the weld center. The HAZ still has an equiaxed
grain structure, but the grain is coarser.

Element w/%

Al 057 1.21
Nb 439 2.69
Ti 1.22 1.45
Cr 2032 22.28
Fe  20.31 20.73
Ni  53.19 51.64

Fig. 2 SEM images showing morphology and microstructure of
joint: (a) Cross-section morphology; (b) Weld structure and
energy spectrum results

The weld structure is composed of the base metal
phase and the light-colored precipitated phase, as shown
in Fig. 2(b). The weld has a dendritic structure and the
weld grains are significantly refined as a result of the
strong agitation of the electron-beam welding bath and
the rapid cooling rate after welding. There is some
change in the base metal, namely the strengthening-
phase is mainly segregated in the interdendritic region
and the particle becomes finer. This is because the
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cooling rate is so rapid that the strengthening-phase
particles have no time to aggregate and grow.

The weld was examined using XRD, and the results
are shown in Fig. 3. XRD, combining with the results of
energy spectrum analysis indicates that the composition
of the substrate phase, which is a solid solution of Ni, Cr,
and Fe, is almost the same as that of the GH4169 base
metal. The main strengthening-phase in the GH4169
alloy is a body-centered tetragonal y" phase (Ni;Nb), and
it also includes the face-centered cubic y' phase
(Ni3(Al, Ti)) and the o phase (NizNb), which is the
equilibrium phase of the y’" phase. These intergranular
strengthening-phases are so fine that they have a certain
strengthening effect on the welding seam.

=— Fe—Nil—Cr

20 30 40 50 60 70 80 90 100
20/(°)

Fig. 3 XRD results of weld

3.2 Causes and prevention of thermal cracks

A well-formed electron-beam-welded GH4169 alloy
joint was obtained and the average tensile strength of the
joint reached 743.7 MPa, which is close to that of the
base metal. However, the Vickers hardness of the
welding seam exceeded HV 300, which is significantly
higher than the value of HV201 of the base metal, so the
coordinate deformation of the joint was weakened. In
addition, defects occurred easily in the joint because of
the large welding stress induced by the rapid cooling rate
of the electron-beam-welded joint.

From microanalysis of the joint after welding, it can
be clearly observed (Fig. 4) that microcrack defects
occurred at the fusion line near the HAZ. These cracks
were intergranular cracks and generally one to two grain
boundaries in length; they often occurred at the
intersections of grain boundaries. There were many
dislocations at the intersections of grain boundaries and
they helped to inhibit crack formation. Therefore, some
cracks were no longer than the length of one grain
boundary. This type of microcrack would not
significantly affect the tensile strength of the joint, but
would have negative effects on the fatigue properties and
corrosion-resistance properties of the joint.

Fig. 4 OM images showing morphology of microcracks at
fusion line: (a) Single grain boundary; (b) Boundaries between
two grains

There must be connections between the occurrence
of intergranular cracks and the weakening of the grain
boundary bonding force, therefore the grain boundaries
must be carefully analyzed. Analysis using SEM showed
that the main reason for the cracks was that there were
intermetallics aggregating at some grain boundaries of
the fusion zone, as can be clearly observed in Fig. 5. The
results of energy spectrum analysis of the intermetallics
(Fig. 5(a)) showed that the phase was the y" phase
(Ni3Nb) or the low melting (1175 °C) eutectic of 6 phase
(Ni3Nb) and NigNb; phase because the intermetallics had
high contents of Nb and Ti elements. The y" phase aged
at 720 °C had a strengthening effect on the alloy.
Therefore, the low-melting Ni-Nb compound re-melted
under the effects of the welding thermal cycle, and then
aggregated at the grain boundaries of the fusion zone, as
shown in Fig. 5(b). Besides, large tensile stress formed at
the fusion line under the effect of fast thermal cycles.
Therefore, as the low-melting eutectic was remelted at
the grain boundary, liquation cracks occurred at the
fusion line under the tensile stress.

To avoid the occurrence of liquation cracks, the root
cause of the cracks should first be investigated. The
existence of the low-melting y" phase at the grain
boundaries caused cracking of the grain boundaries
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Element w/% x/%
Nb  84.83 75.07
Ti 10.79 18.51
Cr 1.13 1.79
Fe 1.14 1.69
Ni 2,10 2.95

150 pm

Fig. 5 Aggregation of compounds at grain boundaries of fusion
zone by SEM: (a) EDS analysis; (b) Position of compounds

during the cooling process, thus ways of eliminating the
Ni;Nb phase should be considered. Considering that
there were certain diffusion reactions at the liquid—solid
interface of the fusion line during fusion welding, a new
suggestion was put forward. Alloying elements added to
the welding bath could diffuse into the fusion zone and
high-melting compounds form, substituting the Ni;Nb
phase, and liquation cracks could be avoided.

In selecting the alloying elements, the affinity of the
elements with Nb, as well as whether they would have
harmful effects, should be taken into consideration, and
analysis suggested that Mn should be used as the
alloying element. It can be seen from the Mn—Nb phase
diagram that when the content of Mn is 27%—33%, the
precipitate is Mn,Nb, whose melting point exceeds 1200
°C and is higher than that of Ni;Nb. Moreover, Mn can
form an infinite solid solution with Cr and Fe, therefore
the formation of Ni;Nb decreased as Mn,Nb was formed,
by increasing the Mn content of the weld seam. However,
the Mn content of the weld should be controlled to avoid
the formation of Mn—Ni and Mn—Cer brittle phases.

3.3 Research on alloying of weld

In the experiments, a ferromanganese alloy with
75% (mass fraction, %) Mn was added to the joint. By
adjusting the welding parameters, a well-formed weld
joint was obtained after welding and no macroscopic
defects occurred in the joint. The cross-section
morphology of the joint demonstrates that the
microstructure of the weld was still the equiaxed
dendritic structure, and no defects occurred, as shown in

Fig. 6. The XRD analysis results for the joint showed
that the weld was still a solid solution of Ni, Cr, and Fe,
where the content of Mn was high. According to the
results of the energy spectrum analysis, the Mn content
of the weld was higher than 40%.

Element w/% x/%
Si 341 6.63
Nb 279  1.64
Cr 6.61 694
Mn 47.96 47.71

| Fe 11.51 11.26

Ni 27.73 25.81

%

Fig. 6 SEM images showing cross-section of joint (a) and
morphology of weld (b)

The Mn content was analyzed from the fusion line
to the HAZ, as shown in Fig. 7. It can be seen that the
Mn element in the weld fully diffused to the fusion zone,
the diffusion distance was more than 200 pm, and the
Mn content was about 10%. Diffusion resulted in
substitution of Ni by Mn, thus creating the conditions for
the formation of the higher-melting Mn,Nb compound.

30

20

w(Mn)/%

10+

0 50 100 150 200 250 300
Distance from fusion line/um

Fig. 7 Distribution of Mn in fusion zone

The welding residual stress could be decreased by
increasing the beam current to 30 mA and decreasing the
welding speed to 6 mm/s to increase the heat input and
decrease the cooling rate during the welding experiments.
Moreover, by using scanning function, the Mn element
could fully diffuse and well distribute under the intensive
stirring effect of the welding pool. The experimental
results of the mechanical properties of the weld verified
this assumption. It can be clearly observed from the
energy spectrum results for the fusion zone that the Mn
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content in the crystal boundary compounds was higher
than 40%, and the compound can be inferred to be
Mn,Nb, as shown in Fig. 8(a). Thermal cracks did not
occur in the joint after weld alloying using Mn, and
defect-free joining was obtained. The tensile strength of
the joint reached 612.6 MPa after welding, which was
80% of the tensile strength of base metal. The
microhardness of the weld was about HV250, which was
significantly lower than that of the joint formed by direct
welding, and the overall properties of the joint were
improved. The fracture mode of the joint after Mn
alloying was ductile fracturing, and the fracture surface
was dimple fractured, as shown in Fig. 8(b).

In practical applications, under the effect of the joint
structure and size, the liquation cracks may be large in
size and far from the fusion zone or even extend to the
heat affected zone when there is a large welding heat
input. In this case, the effect of weld alloying is limited
and other measures should be considered. For example,
the welding stress at the heat affected zone could be
lowered as the cooling rate could be decreased by adding
the process of heat treatment after welding. However, all
of these methods should be further studied.

Element w/% x/%
Si 412 8.00
Nb 3.07 180
Cr 7.10 745
Mn 40.94 40.68

Fe 9.28 9.07

Ni 35.49

= ol S et
Fig. 8 Energy spectrum analysis and SEM images showing
fracture surface of weld

4 Conclusions

1) The electron-beam-welded GH4169 alloy joints
were in good shape, and no macroscopic defects
occurred. The substrate of the weld microstructure was a
solid solution of Ni, Cr, and Fe, and the main

strengthening-phase was Ni;Nb, which was distributed at
the intergrains of the dendrites and had a certain
strengthening effect on the weld.

2) Segregation of the low-melting compound Ni;Nb
at the grain boundaries of the fusion zone, together with
the stress induced by the welding thermal cycle, caused
liquation cracks to form easily in the fusion line.

3) The segregation of NizZNb compound can be
avoided by adding Mn as an alloying element to the weld
because Mn could diffuse into the fusion zone and form
Mn,Nb. The formation of liquation cracks could
therefore be inhibited and the overall properties of the
joint could be improved.
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Sim e & GH4169 B R IFHE S SUER B A A B A 35
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