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Abstract: Cold rolling and heat-treatment were used for the grain refinement of GH4169 superalloy plate. The effects 
of cold rolling reduction ratio and heat-treatment time on the precipitated δ phase, and the effects of δ-phase content and 
morphology on the mechanical properties of the GH4169 alloy plates, are studied. The results demonstrate that cold- 
rolling can promote the precipitation of the δ phase and its transformation from the δ-Ni3Nb phase to the δ-NbNi4 phase. 
The comprehensive properties of the alloy are better when the heat treatment time is 1 h, with 132 MPa increase in the 
tensile strength and only 2.9% decrease in the elongation relative to those of the original material. The mechanical 
properties of the alloy are shown to change greatly with the change in the δ-phase morphology. 
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1 Introduction 
 

The GH4169 (Inconel 718) superalloy is a 
Ni−Cr−Fe deformation alloy with high strength, 
strong oxidation resistance, good hot workability, 
and a stable high-temperature microstructure [1−3]. 
It is widely used to manufacture high-temperature 
materials, especially the heat-resistant components 
of aircraft and solid rockets [4−6]. The aging 
treatment of the GH4169 superalloy solid solution 
produces austenite matrix (γ phase) in its interior, 
along with γ′ phase (strengthening phase) and γ′′ 
phase. δ phase also precipitates inside the grains or 
at grain boundary under specific conditions, and a 
small amount of NbC and TiN may be mixed [7−9]. 
The morphology, content, and distribution of the δ 
phase significantly influence the hot-working 
deformation behavior and mechanical properties of 

the GH4169 superalloy during service [10,11]. 
Hence, by controlling the morphology and content 
of the δ phase during deformation and heat 
treatment, the grain growth of the alloy can be 
effectively controlled to achieve grain refinement 
and improve the performance of the alloy [12,13]. 

The mechanical properties of the GH4169 
alloy depend on its microstructural conditions, 
including the phase composition, phase content and 
morphology of each phase. The content and 
morphology of the δ phase significantly influence 
the comprehensive mechanical properties of the 
alloy, so studying the precipitation regularity of the 
δ phase during heat treatment is important [14]. A 
large number of studies have shown that the 
precipitation temperature of the δ phase is 
780−980 C, and the temperature range of the 
fastest precipitation is generally considered to be 
890−900 C [15,16]. RAFIEI et al [17] reported  
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that the activation energy of δ phase formation  
with transformation fraction of 0.5% and 50% 
during aging (212.4 and 197.5 kJ/mol) was similar 
to that of Nb diffusion in Ni ((202.59±4.71) kJ/mol). 
Therefore, they concluded that the microscopic 
mechanism of δ-phase formation is the diffusion of 
Nb in the matrix. YE et al [18] investigated the 
effect of the δ-phase content on the mechanical 
properties of the GH4169 alloy at room temperature. 
As the δ-phase content increased from 2.20 to 
5.21 wt.%, the yield strength of the GH4169 alloy 
was increased by 61 MPa, and its tensile strength 
was increased by 78 MPa. With further increasing 
δ-phase content from 2.20 to 7.56 wt.%, the 
elongation of the alloy was decreased by 14.1%. In 
addition, NING et al [19] reported that the 
rod-shaped δ phase is beneficial to improving the 
plasticity of the alloy, and that the needle-shaped δ 
phase is helpful for improving the strength of the 
alloy. They also verified that dislocation motion 
and atomic diffusion are the fundamental reasons 
for δ-phase precipitation. CHEN et al [20] 
investigated the effect of different δ-phase volume 
fractions on the fatigue properties of alloys at room 
temperature, and found almost no effect on the 
fatigue life when the strain amplitude was higher 
than 0.5%. However, at a strain amplitude of 0.4%, 
the fatigue life of the alloy was found to increase 
with the increasing volume fraction of the δ phase. 

The majority of studies have been focused on 
the influence of temperature on the precipitation of 
the δ phase, and there are few reports on the 
influence of heat treatment time on the precipitation 
regularity of the δ phase. In the present study, the 
effects of different cold-rolling reduction ratios and 
heat treatment time on the regularity of the δ phase 
precipitation are investigated. The effects of the δ 
phase on the tensile strength and elongation of the 
GH4169 alloy are also examined via tensile tests. 
Then, the δ-phase precipitation law in the GH4169 
alloy is revealed, and a specific approach for the 
preparation of the GH4169 alloy is provided. 
 
2 Experimental  
 

To study the influence of cold rolling 
deformation on the precipitation of the δ phase, an 
original plate of GH4169 alloy with the thickness of 
3 mm was divided into three groups of samples 
which were then cold-rolled to thicknesses of 2.4, 

1.8 and 1.2 mm, giving thickness reductions of  
20%, 40% and 60%, respectively. The cold-rolled 
samples and a sample without reduction were then 
subjected to δ-phase precipitation at 900 °C for 10 h. 
The process parameters are presented in Table 1. 
 
Table 1 Process parameters of cold rolling of GH4169 

alloy 
Reduction 

ratio/% 
Heat-treatment 
temperature/°C 

Heat-treatment 
time/h 

0 900 10 

20 900 10 

40 900 10 

60 900 10 

 

To study the influence of different heat 
treatment time on the precipitation of the δ phase, 
the original plates were divided into five groups, 
which were then heat-treated at 900 °C in an 
ARCHIMEDES VF1600 vacuum heating furnace 
for 1, 5, 10, 20 and 40 h. Water quenching was 
performed immediately after the precipitation. 

The microstructure of the GH4169 alloy plate 
was determined with a Zeiss optical microscope. 
First, the sample was sanded and mechanically 
polished, and then etched with an etchant 
comprising 10 mL of HNO3, 50 mL of H2O, 40 mL 
of HCl, and 2.5 g of CuCl2. The δ phase in the 
matrix was calibrated using the Linksys32 phase 
analysis software, and the ratio of the area of the δ 
phase to that of the matrix was calculated. 

The phase composition and content of the 
GH4169 alloy samples were tested with a 
D/Max−2500/PC X-ray diffractometer (XRD). The 
sample was ground, mechanically polished, and 
ultrasonically cleaned before the XRD examination 
to remove any residual stress on the sample surface 
and ensure the accuracy of the results. 

The SEM microstructure of the GH4169 alloy 
under different heat treatment time was analyzed 
with a Hitachi S−4800 scanning electron 
microscope (SEM). The δ phase of the GH4169 
alloy was analyzed via energy disperse 
spectroscopy (EDS) using a Horiba 7593−H 
spectrometer attached to the Hitachi S−4800 
scanning electron microscope. The microstructure 
of the GH4169 alloy was observed with a 
JEM−2010 transmission electron microscope 
(TEM). 
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3 Results 
 
3.1 Precipitation regularity 

The energy spectrum analysis of the sample 
without reduction after heat treatment at 900 °C for 
10 h is presented in Fig. 1. The composition of the 
selected test location, which lies within the δ phase, 
is listed in Table 2. Thus, the test location is seen to 
contain 43.77 at.% Ni and 14.59 at.% Nb, which is 
consistent with the composition of the δ-Ni3Nb 
phase. The microstructures of the GH4169 alloy 
after different cold rolling reduction ratios followed 
by heat treatment at 900 °C for 10 h are presented 
in Fig. 2. Here, the sample without reduction 
(Fig. 2(a)) exhibits fine needle-like δ phases at the 
grain boundaries, along with some inward growth 
of the δ phase to form a staggered arrangement [21]. 
By contrast, the 20% cold-rolled sample in Fig. 2(b)  
 

 

Fig. 1 EDS results of sample without reduction after heat 

treatment at 900 °C for 10 h 

 
Table 2 Composition of δ phase in sample without 

reduction after heat treatment at 900 °C for 10 h (at.%) 

Al Ti Cr Fe Ni Nb Mo 

4.64 3.23 12.66 19.2 43.77 14.59 2.1 

displays a remarkably improved δ-phase content, 
although only some of the crystal grains are 
completely covered by the precipitated δ phase. The 
40% cold-rolled sample subjected to δ-phase 
precipitation treatment is shown in Fig. 2(c), where 
the additional reduction in thickness is seen to 
result in increased grain deformation and the 
formation of a band structure. With further cold 
rolling (60% thickness reduction), the δ-phase 
content of the sample in Fig. 2(d) is only slightly 
more than that of the 40% cold-rolled sample. 
However, the δ phase is seen to be more uniform 
and neatly arranged inside the deformed strip- 
shaped grains. 

The XRD patterns of the GH4169 alloy after 
cold rolling with different reduction ratios followed 
by heat treatment at 900 °C for 10 h are presented 
in Fig. 3. Here, the sample without reduction 
subjected to heat treatment is seen to exhibit only 
the (201) and (211) diffraction peaks of the δ phase, 
which are characteristic peaks of the δ-Ni3Nb phase. 
By contrast, the XRD patterns of the cold-rolled 
samples display the (020), (012) and (013) 
diffraction peaks of the δ-NbNi4 phase, and the 
intensity of these peaks is seen to increase with 
increasing cold-rolling reduction ratio. The volume 
fractions of the δ-Ni3Nb and δ-NbNi4 phases in the 
GH4169 alloy with different cold rolling reduction 
ratios were determined via the quantitative X-ray 
phase analysis, and the results are presented in 
Table 3. Here, it can be seen that the volume 
fraction of the δ phase increases as the sample 
thickness is reduced, but this increasing trend 
becomes less significant with larger thickness 
reduction. Thus, the 60% cold-rolled alloy displays 
a smaller volume fraction increment in the δ phase 
than the 40% cold-rolled alloy, which is consistent 
with the metallographic microscopy results shown 
in Fig. 2. 

The sample without reduction contains only 
the δ-Ni3Nb phase, while the cold-rolled samples 
contain both the δ-NbNi4 and δ-Ni3Nb phases. 
Further, the proportion of the δ-Ni3Nb phase is seen 
to decrease with the increase of cold-rolling 
reduction ratio up to 60%, at which the 
characteristic (211) peak of the δ-Ni3Nb phase has 
disappeared. 

The above analysis indicates that the increase 
in the amount of cold rolling reduction can increase 
the nucleation rate of the δ phase and reduce its 
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Fig. 2 Morphologies of δ phase in GH4169 alloy plates with different cold-rolling reduction ratios: (a) 0%; (b) 20%;  

(c) 40%; (d) 60% 

 

 

Fig. 3 XRD patterns of GH4169 alloy plates with 

different cold-rolling reduction ratios 

 

Table 3 Contents of δ-Ni3Nb phase and δ-NbNi4 phase in 

GH4169 alloy plates with different cold-rolling reduction 

ratios 

Reduction  

ratio/% 

Content/vol.% 

δ phase δ-Ni3Nb δ-NbNi4 

0 6.14 6.14 0 

20 9.15 4.13 5.02 

40 10.20 2.84 7.66 

60 10.80 2.30 8.50 

critical nucleation work, thereby promoting the 
precipitation of the δ phase and improving the 
uniformity of the δ-phase distribution. At the same 
time, cold rolling deformation can improve the 
internal distortional energy of the alloy and promote 
the transformation of the δ-Ni3Nb phase to the 
δ-NbNi4 phase. In other words, cold rolling 
deformation can promote the precipitation of the 
δ-NbNi4 phase. 

The relative area fractions and average aspect 
ratios of the GH4169 samples subjected to heat 
treatment at 900 °C for different time are presented 
in Table 4, and the corresponding microstructures 
are indicated in Fig. 4. After heat treatment of the 
 
Table 4 Relative area fractions and average aspect ratios 

of δ-phase in GH4169 alloy plate heat-treated at 900 °C 

for different time 
Heat-treatment 

time/h 
Relative area 

fraction/% 
Average aspect 

ratio 

1 2.35 8.74 

5 5.46 18.35 

10 10.21 29.78 

20 16.33 8.03 

40 19.58 6.43 
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Fig. 4 Microstructures of GH4169 alloy plates heat-treated at 900 °C for different time: (a) 1 h; (b) 5 h; (c) 10 h;     

(d) 20 h; (e) 40 h 

 

GH4169 alloy plate at 900 °C for 1 h, the δ phase 
initially precipitates at grain boundaries and then 
shows a fine acicular structure. The average aspect 
ratio of the δ phase is 8.74, but its relative content is 
very little and the relative area fraction of the δ 
phase is only 2.35%. By contrast, the heat treatment 
at 900 °C for 5 h results in the precipitation of a 
large amount of acicular δ phase at grain boundaries, 
and the appearance of the staggering of the δ phase 
in some grains. Moreover, the average aspect ratio 
of the δ phase is increased to 18.35, and the relative 
area fraction is increased to 5.46%. After heat 
treatment at 900 °C for 10 h, the relative area 
fraction of the δ phase is further increased to 
10.21%, and the staggered acicular δ phase (with an 
increased average aspect ratio of 29.78) is seen to 
be densely distributed. After 20 h at 900 °C, the 
area fraction of the δ phase is increased to 16.33% 

and is seen to be evenly distributed over the entire 
matrix. However, the average aspect ratio of the δ 
phase is seen to decrease to 8.03 because the 
longitudinal growth of each phase is now hindered 
by the presence of the interlaced δ phase, and hence 
the δ phase begins to grow laterally and transforms 
into a rod-like structure. Finally, after 40 h at 
900 °C, the area fraction of δ-phase is slightly 
increased to 19.58%, and the rod-like acicular δ 
phase is seen to be densely distributed with an 
average aspect ratio of 6.43, while the staggering is 
also pronounced and evenly distributed inside the 
matrix. Compared with the results of 20 h heat 
treatment, however, the increasing rate of the 
proportion of the δ phase is seen to decrease due to 
the decrease in Nb content [22]. 

The SEM images of the GH4169 alloy plates 
after different heat treatment time at 900 °C are 
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presented in Fig. 5. Thus, after 1 h, the δ phase is 
seen to present fine particles with a tendency of 
longitudinal elongation (Fig. 5(a)). After 5 h, 
however, the δ phase begins to take an acicular 
structure (Fig. 5(b)). After 20 h, a large number of 
the δ phases are seen to intersect and the presence 
of a distinct acicular δ phase is observed (Fig. 5(c)). 
Finally, after 40 h, the δ phase is seen to grow into a 
long rod-like morphology in which individual rods 
crisscross to become intertwined and twisted 
(Fig. 5(d)). Consequently, the plasticity of the alloy 
is deteriorated. 

The TEM images of different regions of the 
GH4169 alloy after heat treatment at 900 °C for 1 h 
are presented in Fig. 6. The δ phase is seen to 
initially precipitate from the grain boundary and the 

twin boundary in the form of fine particles 
(Figs. 6(a, c)). With prolonging heat treatment time, 
however, the δ phase is seen to grow into a fine 
acicular morphology, and dislocations become 
entangled around the δ phase, which hinders the 
dislocation motion and improves the alloy strength 
(Fig. 6(b)). In addition, the γ′′ phase is seen to 
become distorted during precipitation, thus further 
generating stacking faults [23,24]. The δ phase is 
generated by the γ′′ phase transition [25]. Hence, a 
stacking fault is observed near the δ phase in 
Fig. 6(b). 

The XRD diffraction patterns of the GH4169 
alloy plates subjected to different heat treatment 
time at 900 °C are presented in Fig. 7. Here, the 
peak intensity of the δ-phase is seen to increase 

 

 

Fig. 5 SEM images of GH4169 alloy plates heat-treated at 900 °C for different time: (a) 1 h; (b) 5 h; (c) 20 h; (d) 40 h 

 

 

Fig. 6 TEM images of different regions in GH4169 alloy plates after heat treatment at 900 °C for 1 h 
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Fig. 7 XRD patterns of GH4169 alloy plates heat-treated 

at 900 °C for different time 

 
with increasing heat treatment time. This is 
primarily attributed to a gradual decrease in the 
content of the γ phase, which is a member of the γ'' 
phase, as it transforms into the corresponding 
equilibrium form, i.e. the δ phase, during the 
precipitation process [26]. In comparison with the 
cold-rolled plate (Fig. 3), the alloy plate after 
δ-phase precipitate treatment (Fig. 7) contains only 
the δ-Ni3Nb phase and does not contain any 
δ-NbNi4 phase. Hence, the prolongation of heat 
treatment time alone does not provide sufficient 
energy to convert the δ-Ni3Nb phase into the 
δ-NbNi4 phase, but rolling before heat treatment 
can effectively promote this transformation. 
 
3.2 Mechanical properties 

The tensile curves of the GH4169 alloy plates 
after heat treatment at 900 °C for different time  
are presented in Fig. 8, and the corresponding 
mechanical properties are listed in Table 5. These 
results confirm that the content of the δ phase 
progressively increases with increasing heat 
treatment time, while the tensile strength of the 
alloy initially decreases (but remains higher than 
that of the original material) and subsequently 
increases, and the elongation continually decreases. 
After 1 h heat treatment, the overall performance of 
the alloy is seen to be improved, with a tensile 
strength of 1140 MPa (i.e., 132 MPa higher than 
that of the original material) and elongation only 
2.9% lower than that of the original material. After 
heating for 5 h, however, the tensile strength and 
elongation of the GH4169 alloy plate are seen to 
decrease. Nevertheless, after 10 h heat treatment, 

 

 
Fig. 8 Tensile stress−strain curves of GH4169 alloy 

plates heat-treated at 900 °C for different time 

 

Table 5 Mechanical properties of GH4169 alloy plates 

heat-treated at 900 °C for different time 
Heat-treatment

 time/h 
Content of δ 
phase/vol.% 

Elongation/
% 

Tensile 
strength/MPa

0 − 43.6 1008 

1 2.18 40.7 1140 

5 4.00 39.4 1124 

10 6.14 37.4 1087 

20 8.66 34.8 1110 

40 9.50 33.7 1145 

 
the tensile strength of the alloy is seen to increase, 
by only 79 MPa, while the elongation is decreased 
by 6.2%, compared to the original material. As seen 
from Fig. 4, the δ phase becomes gradually coarser 
with increasing heat treatment time, which would 
reduce the pinning effect of the δ phase [11] and 
allow the grain to grow rapidly. Therefore, the 
strength and plasticity of the material would 
decrease, thus resulting in the above phenomenon. 
At heat treatment for 20 h, the tensile strength of 
the material is seen to increase, but the plasticity 
continues to decrease. After heating for 40 h, the 
tensile strength of the material is increased by 
137 MPa compared to that of the original material, 
but the plasticity becomes extremely poor and the 
elongation is decreased by about 10% compared to 
that of the original material. An examination of the 
micrograph in Fig. 4 indicates that the heat 
treatment for 20 h results in a large number of 
acicular δ phases which are evenly distributed on 
the substrate and are interlaced with each other, thus 
making it difficult for grains to slide, and hence 
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improving the tensile strength of the material. 
However, due to the poor plasticity of the δ phase 
relative to the substrate [27,28], the development of 
a large number of δ phases leads to a significant 
decrease in the plasticity of the material. 

In summary, the content and morphology of 
the δ phase play a decisive role in the mechanical 
properties of the GH4169 alloy. During heat 
treatment, the precipitation of a small quantity of 
the high-temperature δ phase contributes to grain 
refining by pinning the grain boundaries [29,30]. 
However, the inevitable coarsening of the δ phase 
with longer heat-treatment time leads to a reduction 
in this pinning effect, and with the further increase 
in the δ-phase content, the elongation of the 
material is greatly reduced. 
 
4 Conclusions 
 

(1) Cold rolling is shown to increase the 
nucleation rate of the δ phase and reduce its  
critical nucleation work, thereby promoting the 
precipitation of the δ phase and its transformation 
from the δ-Ni3Nb phase to the δ-NbNi4 phase. The 
heat-treatment time is shown to have an important 
influence on the δ-phase content and morphology of 
the GH4169 alloy. 

(2) After heat treatment for different time, the 
tensile strength of the alloy is always higher than 
that of the original material. After heat treatment for 
1 h, the comprehensive properties of the alloy are 
enhanced and the tensile strength is 132 MPa higher 
than that of the original material. When the heat- 
treatment time is extended to 20 or 40 h, the tensile 
strength of the material is further improved because 
the cross-distribution of the δ phase inhibits the 
sliding of the grains, but this is accompanied by an 
extreme reduction in the elongation. 
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冷轧细晶 GH4169 合金板材 δ相析出规律及其 
对力学性能的影响 
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摘  要：采用冷轧和热处理对 GH4169 高温合金板材进行晶粒细化。研究冷轧压下率和热处理时间对 δ析出相的

影响，以及 δ相含量和形貌对 GH4169 合金力学性能的影响。结果表明：冷轧变形可以促进 δ相的析出，并促进

δ-Ni3Nb 相转变为 δ-NbNi4相。保温时间为 1 h 时，合金的综合性能较好，抗拉强度比未冷轧材料高 132 MPa，伸

长率仅比未冷轧材料低 2.9%。合金的力学性能随 δ相形貌的变化而产生较大改变。 

关键词：细晶 GH4169 合金；冷轧；δ相；力学性能 
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