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Abstract
In this work, friction stir processing (FSP) was applied to the high-strength and high-melting-point Ni–Fe-based superal-
loy (HT700) for the first time with negligible wear of the stir tool. Different rotation rates were chosen to investigate the 
effect of heat input on microstructure and tensile properties at different temperatures of friction stir processed Ni–Fe-based 
superalloy. The results showed that with increasing rotation rate, the percentage of high-angle grain boundaries and twin 
boundaries gradually decreased whereas the grain size initially increased and then remained almost constant; the difference 
in tensile properties of FSP samples with rotation rates of 500–700 rpm was small attributing to their similar grain size, but 
the maximum strength was achieved in the FSP sample with a rotation rate of 400 rpm and traverse speed of 50 mm/min 
due to its finest grain size. More importantly, we found that the yield strength of all FSP samples tensioned at 700 °C was 
enhanced clearly resulting from the reprecipitation of γ′ phase. In addition, the grain refinement mechanism of HT700 alloy 
during FSP was proved to be continuous dynamic recrystallization and the specific refinement process was given.
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1  Introduction

To improve the energy efficiency and reduce CO2 emis-
sions, the steam temperature and pressure have reached 
the range of 700–760 °C and 35–37.5 MPa in the advanced 
ultra-supercritical (A-USC) power plants [1–3], respectively. 
Traditional austenitic and ferritic heat-resistant steels cannot 

meet these requirements since their operating temperature 
is below 650 °C. Thus, Ni-based or Ni–Fe-based superal-
loys are considered to be the most promising candidates for 
high temperature components in A-USC programs, such as 
Inconel 617 [4], Nimonic 263 [5], Inconel 740/740H [2, 
6], and GH984 [7]. However, the trade-off between perfor-
mance and cost has always been a problem for superalloys. 
Recently, a low-cost Ni–Fe-based superalloy (HT700) with 
excellent creep properties and better hot workability has 
been developed as the candidate material for the 700 °C 
A-USC application [8, 9]. It is primarily strengthened by γ’ 
precipitates and the volume fraction of γ’ after aging treat-
ment is about 20% [9]. Its temperature capability is compara-
ble to 740H. More importantly, this Ni–Fe-based superalloy 
has a much lower cost and better hot workability compared 
to 740H [8].

Friction stir processing (FSP) is a simple solid-state metal-
working technique derived from friction stir welding (FSW) 
[10, 11]. FSW/FSP has a simple basic concept. The rotating 
tool with pin and shoulder is inserted into the workpiece at 
high speed and then traverses in a direction of interest. The 
heating is mainly obtained by friction between the tool and 
workpieces [12]. Local heating softens the material and 
permits a considerable amount of plasticity around the pin, 
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resulting in refinement and modification of the microstructure 
in the stir zone (SZ). FSP has been successfully employed to 
fabricate surface composite, modify microstructures, enhance 
mechanical properties, and synthesize composite compounds 
[11]. Therefore, FSP has attracted much attention in a rela-
tively short time since its development.

FSW/FSP has been certified to be a promising technique 
originally developed for light weight materials, such as alu-
minum and magnesium alloys [13]. However, its application 
in high-melting-point materials is restricted due to the wear of 
the tool. Unfortunately, in this context, researches mainly focus 
on the FSW/FSP of titanium, high-entropy alloys, stainless 
steels, etc. [14–17]. Superalloys usually have a higher strength 
and harder plastic flow than other high-melting-point materi-
als at elevated temperatures making it more challenging to 
apply FSP/FSW to them, so that only a few studies have been 
reported in this field [18, 19]. To solve this problem, heat-
assisted FSW/FSP has been proposed to improve the rheologi-
cal properties of the material [20, 21]. However, the complex 
operation and introduced new parameters set strict limits on 
its application. In conclusion, applying FSP to superalloys is 
very difficult and few attempts have been made to it. To the 
best of the authors’ knowledge, no research on the application 
of FSP in Ni–Fe-based superalloy (HT700) has been reported 
thus far. Whether high-strength Ni–Fe-based superalloy can 
be subjected to FSP without tool wear remains unclear and 
the microstructure and mechanical properties of the friction 
stir processed (FSPed) HT700 alloy are not well understood. 
Thus, research on the FSP of a new Ni–Fe-based superalloy 
is quite necessary.

The microstructure and the resulting mechanical properties 
of FSP/FSW samples are significantly affected by the mate-
rial flow behavior and thermal cycle, both of which depend 
on the processing parameters, including rotation rate, traverse 
speed, tool tilt angle, tool geometry, cooling rate, etc. [22]. 
The rotation rate and traverse speed are the major parameters 
among them. So far, limited researches have been done on 
the effect of processing/welding parameters on microstructure 
and mechanical properties of friction stir processed/welded 
superalloys. In particular, only the effect of traverse speed has 
been investigated. Song et al. [18] studied the effect of welding 
speed on microstructural and mechanical properties of friction 
stir welded (FSWed) Inconel 600. The results suggested that 
with increasing welding speed, the grain size, as well as the 
fraction of high-angle grain boundaries (HAGBs) and twin 
boundaries (TBs) decreased, while the microhardness and the 
ultimate tensile strength (UTS) of FSW samples increased. 
Ahmed et al. [23] reported that by the increase of the welding 

speed, the hardness of the FSWed Ni-based superalloy Inconel 
718 significantly increased due to the reduction of the grain 
size. Nevertheless, extremely little attention has been paid to 
the effect of the rotation rate. It is worth emphasizing that the 
rotation rate plays a significant role in the microstructure evo-
lution because it determines the thermal power during FSP/
FSW at constant downward force and tool geometry. There-
fore, the effect of rotation rate on microstructure and mechani-
cal properties of FSPed superalloys needs further investigation.

This study aims to investigate the effect of the rotation 
rate on microstructure and mechanical properties of FSP 
samples, compare the strength and fracture mechanism of 
the base material (BM) and FSP samples at different tem-
peratures, and analyze the grain refinement mechanism of 
HT700 alloy during FSP. These preliminary studies are 
expected to play a significant role in promoting the applica-
tion and development of FSP of HT700 alloy.

2 � Experimental

A 4-mm-thick plate of HT700 alloy was used in this study. 
Its chemical composition is listed in Table 1. The alloy was 
melted in a vacuum induction furnace and homogenized at 
1200 °C for 24 h, followed by forging at 1150 °C. The sam-
ple was solution-treated at 1100 °C for 1 h, and then water 
quenching. The microstructure of the alloy after solution 
treatment is taken as the initial structure (the microstructure 
of the BM) for FSP, as shown in Fig. 1. The coarse equiaxed 
grains (~ 77 μm) and a few annealing twins were observed 
in the BM. In addition, the carbide particles were detected 
inside the grains and on the grain boundaries (GBs). The 

Table 1   Chemical composition 
of HT700 alloy (wt%)

Fe Cr Al Ti Cu W + Mo + Nb Si + Mn + C + B Ni

20 18 1.8 2.4 0.15 2.8 0.715 Bal

Fig. 1   Microstructure of the base material
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carbides presented inside the grains were suggested to be 
MC-type carbide, and M was mostly substituted for Ti and 
Nb [24]. The carbides formed on the GBs were M23C6-type 
carbide, and M was mostly substituted for Cr and Fe [24]. 

The tool used in the FSP was fabricated from tung-
sten–rhenium (W–Re) with a shoulder diameter of 11 mm 
and a conical pin of 6 mm in root diameter, 3.65 mm in tip 
diameter, and 1.6 mm in length (Fig. 2). FSP was carried 
out with a traverse speed of 50 mm/min and rotation rates 
of 400–700 rpm, respectively. The detailed FSP parameters 
are indicated in Table 2. The tool tilt angle was 3° and the 
plunge depth was 0.3 mm. During FSP, argon shielding was 
employed to prevent surface oxidation.

Dog-bone-shaped tensile samples with a gauge length of 
2.5 mm, a width of 1.4 mm, and a thickness of 0.55 mm 
were cut from the center of the SZ (Fig. 2). The BM was 
selected for the comparison experiment. Uniaxial tensile 
tests were performed on an Instron 5458 tester at room tem-
perature (RT), 400 °C, and 700 °C using a strain rate of 
3 × 10−4 s−1. When samples tensioned at 400 °C and 700 °C, 
tensile samples were put into the tester at the set temperature 
and kept at this temperature for 5 min before tensile tests.

Optical microscope (OM) was used to observe the nonuni-
form grain size in the SZ. The fracture surfaces were charac-
terized by scanning electron microscope (SEM). The detailed 
microstructure features in the SZ were analyzed using elec-
tron backscatter diffraction (EBSD) and scanning transmis-
sion electron microscope (STEM). Samples for OM and SEM 
studies were etched with 100 ml HCl + 100 ml CH3OH + 50 g 
CuCl2 solution. For the EBSD studies, mechanical polishing 
and ion etching were performed to eliminate the surface stress 
layer. EBSD scans were performed with a step size of 0.3 μm 
at 20 kV. Limited by the accuracy of EBSD, only grain-bound-
ary misorientation angles greater than 2° were considered. For 
STEM observation, thin foils were cut from the FSP sample 

along the transverse direction and prepared by twin jet pol-
ishing in a solution of 10% perchloric acid and 90% ethanol 
at ~ 50 mA and − 30 °C.

3 � Results and Discussion

3.1 � Low Magnification Overview

Figure 3 shows the transverse cross section macrostructure of 
FSP samples with different rotation rates. They all exhibited 
a basin-shaped structure widening toward the upper regions 
[25]. Moreover, it can be observed that the depth of the wid-
ening zone became high with increasing rotation rate (shown 
by the red lines), which indicated that with the increase of 
the rotation rate, the influence of the shoulder became strong.

During FSP, the relationship of the temperature (T) and 
processing parameters in the SZ can be expressed as [26–28]:

where Tm is the alloy melting point, � is the rotation rate, � 
is the traverse speed, K and α are constants, varying between 
0.65–0.75 and 0.04–0.06, respectively.

(1)
T

Tm
= K

(

�
2

� ⋅ 104

)�

,

Fig. 2   Schematic of FSP and geometry of extracted tensile and tool; PD, ND, and TD correspond to processing, normal, and transversal direc-
tions, respectively

Table 2   Detailed FSP parameters

Sample Rotation rate (rpm) Traverse 
speed (mm/
min)

400/50 400 50
500/50 500 50
600/50 600 50
700/50 700 50



1410	 M. Wang et al.

1 3

Because superalloys have significant resistance to metal-
lic plastic deformation, the actual plunge depth was less 
than 0.3 mm. According to Eq. (1), the heat input during 
FSP increases with increasing rotation rate, resulting in 
the decrease in the significant resistance to metallic plas-
tic deformation. Therefore, with the increase of the rotation 
rate, the actual plunge depth increased, making a stronger 
action of the shoulder.

The structure of 600/50 was investigated in detail, as 
shown in Fig. 4. Four typical zones can be identified in the 
transverse cross section macrostructure: the SZ, thermome-
chanical-affected zone (TMAZ), heat-affected zone (HAZ), 
and BM (Fig. 4a). The fine equiaxed grains were obtained 
in the SZ owing to the action of strong plastic deformation 
and dynamic recrystallization (DRX) [29, 30]. The TMAZ 
was next to the SZ, and the grains in this area experienced 
shear deformation and practical DRX [31, 32], as shown in 
subfigure 1 of Fig. 4a. The microstructure in the HAZ was 
determined by heat input during FSP, and a large number of 
TBs were observed in this area, as shown in subfigure 2 of 
Fig. 4a. The BM was close to the HAZ, and it underwent nei-
ther strain nor thermal energy from processing. After FSP, 
the length of the pin was still about 1.6 mm, which was the 
same as before, indicating that the tool was hardly worn. In 
addition, the actual penetration-depth (1.7 mm) was smaller 
than the theoretical penetration-depth (1.9 mm), which also 
indicated that the actual plunge depth was less than 0.3 mm.

Two sides of the SZ with a characteristic asymmetry were 
created due to the translation of the rotating tool, including 
the advancing side (AS) and retreating side (RS). Different 
locations in the SZ have various temperatures. Moreover, 

numerous studies have proved that the microstructure of fine 
grains in the SZ was nonuniform [33–35]. Thus, the four 
positions in the SZ were measured, as shown in Fig. 4b–e. 
They were taken at the AS, RS, top, and bottom, respec-
tively, corresponding to positions b–e in Fig. 4a. No sig-
nificant difference in grain size between AS (Fig. 4b) and 
RS (Fig. 4c) was found. However, the grain size at the top 
(Fig. 4d) was smaller than that at the bottom (Fig. 4e) due 
to its higher cooling rate. Moreover, it has been indicated 
that the average grain size in the central zone of the SZ was 
almost identical to that in the entire SZ [35], and the uniform 
microstructure in the SZ has usually assumed to discuss the 
mechanical properties of the FSP sample. Therefore, the 
microstructure in the center zone of the SZ (shown by the 
red rectangle in Fig. 4a) was selected for investigation.

3.2 � Effects of Rotation Rate on Microstructure

The heat input and cooling rate are the main factors affect-
ing the microstructure in the SZ. Therefore, it is necessary 
to select different rotation rates to investigate the effect of 
heat input on microstructure and mechanical properties in 
the SZ. Here, the effect of rotation rate on microstructure 
was analyzed using EBSD. Figure 5a–d shows the EBSD 
orientation micrographs of 400/50, 500/50, 600/50, and 
700/50, respectively. Different colors in the grain orientation 
micrograph represent different crystallographic orientations. 
The corresponding statistical distributions of grain size are 
shown in Fig. 5e–h, and they all conformed to the Gaussian 
distribution function (shown by the black curve). The grain 
sizes were significantly refined from 77 μm in the BM to 
4–6 μm in the SZ due to the action of DRX. Moreover, it can 
be observed that the grains of the 400/50 were the finest and 
most homogeneous. Figure 6 shows the variation of grain 
size in the SZ with increasing rotation rate. As the rotation 
rate increases from 400 to 600 rpm, the grain size gradually 
increased, with 4.37 μm at 400 rpm, 5.72 μm at 500 rpm, 
and 6.01 μm at 600 rpm. With the further increase of the 
rotation rate, the average grain size reduced from 6.01 μm in 
the 600/50 to 5.73 μm in the 700/50, but the reduction was 
not obvious. With the change of the rotation rate, the grain 
size was maintained in the range of about 4–6 μm. 

During FSP, fine equiaxed grains can be obtained in the 
SZ by DRX resulting from high heat input and severe plas-
tic deformation [35]. DRX grains in the SZ also undergo 
static grain growth during the cooling of the thermal cycle 
and this process benefit from increasing temperature [36]. 
A higher rotation rate results in more heat input (Eq. (1)). 
Hence, the grain size gradually increased with increasing 
rotation rate from 400 to 600 rpm. It has been proved that 
increasing strain rate or lowering heat input contribute to 
grain refinement [37]. Increasing rotation rate not only intro-
duces high heat input to promote the growth of recrystallized 

Fig. 3   Low magnification overview of the transversal cross section of 
different FSP samples: a 400/50, b 500/50, c 600/50, d 700/50. Red 
lines correspond to the influence of the shoulder
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grains, but also brings about a large strain rate to refine the 
grains. Moreover, according to Eq. (1), the rate of tempera-
ture increase becomes slow with increasing rotation rate, 
and the similar result has been reported by Sato et al. [38], 
i.e., when the rotation rate beyond 2000 rpm, the rate of 
temperature increase of Al alloy 6063 became very slow 
with further increasing rotation rate. Therefore, the promo-
tion effect of high heat input on the growth of recrystallized 
grains becomes weak whereas the action of a large strain rate 
becomes strong at 700 rpm. Hence, when the rotation rate 
was increased from 600 to 700 rpm, there was no obvious 
change in the grain size with only a little reduction (Fig. 6). 
Finally, the grain size of FSP samples was maintained at 
values of 4–6 μm.

Figure 7a–d shows the EBSD micrographs of grain 
boundaries characteristics of 400/50, 500/50, 600/50, and 
700/50, respectively. The high-angle grain boundaries 

(HAGBs, ≥ 15°) and low-angle grain boundaries (LAGBs, 
2°–15°) are marked with black and green lines, respec-
tively. The grain-boundary misorientation angle distribu-
tion of FSP samples with different rotation rates is shown 
in Fig. 7e–h, and the red curve is grain misorientation 
random distribution of the face-centered-cubic (FCC) 
crystallization structure. It can be observed that the frac-
tions of the misorientation angles in 2°–5° of all FSP 
samples were above 20%, and it increased with increasing 
rotation rate. The formation of these LAGBs was attrib-
uted to the dynamic recovery (dislocation accumulation 
and rearrangement) [39]. In addition, the percentage of 
HAGBs (HAGBs%) was calculated. The results showed 
that HAGBs% was 65.1% at 400 rpm, 63.4% at 500 rpm, 
60.3% at 600 rpm, and 58.1% at 700 rpm, respectively. 
With the increase of the rotation rate, the HAGBs% gradu-
ally decreased, which was consistent with the increase of 

Fig. 4   a Low magnification overview of the transversal cross section of the FSP sample 600/50, subfigures 1 and 2 are enlarged images of the 
part marked by the dotted rectangle. b–e OM micrographs taken at various locations in the SZ corresponding to the location shown in a. AS is 
the advancing side, where the direction of the tool rotation is the same as that of the tool translation, and RS is the retreating side, where they are 
opposite
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misorientation angles in 2°–5°. During FSP, the heat input 
increases with increasing rotation rate (Eq. (1)). There-
fore, it will take more time to drop the temperature in the 
SZ below the dynamic recovery temperature at a higher 

rotation rate. In other words, the action of the dynamic 
recovery will last longer at a higher rotation rate. There-
fore, with the increase of the rotation rate, more LAGBs 
will be formed, resulting in the reduction of the HAGBs%.

Fig. 5   EBSD orientation maps of crystallized grains and corresponding grain size distribution of different FSP samples: a and e 400/50, b and f 
500/50, c and g 600/50, d and h 700/50
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As shown in Fig. 7e–h, the misorientation angle of 60° 
was a large peak in FSP samples. It has been identified as 
the sigma three (Σ3) TBs in the FCC materials [10], which 
were shown by the red lines in Fig. 8. The percentage of TBs 
(TBs%) was 11.5%, 10.8%, 8.47%, and 7.99% at the rotation 
rate of 400 rpm, 500 rpm, 600 rpm, and 700 rpm, respec-
tively. Figure 6 shows the variation of TBs% with increasing 
rotation rate. It can be concluded that by the increase of the 
rotation rate, the TBs% gradually decreased. According to 
Eq. (1), a higher rotation rate usually leads to higher heat 
input. Moreover, it is worth noting that the critical resolved 
shear stress (CRSS) for twinning is hardly affected by tem-
peratures, while the CRSS for dislocation slip significantly 
decreases with increasing temperature. The high temperature 
promotes the dislocation slip, thereby limiting the twining 
to some extent. Thus, the TBs% decreased with increasing 
rotation rate.

3.3 � Mechanism of Grain Refinement

The grain structure in the SZ is controlled by DRX which 
is caused by high heat input and severe plastic deforma-
tion during FSP/FSW [20, 37]. The DRX can significantly 
refine the grain size and reduce the deformation resistance, 
which is beneficial to improve the mechanical properties 
of the metals [40]. The studies of the microstructure evo-
lution and grain refinement of materials during FSP/FSW 
usually focus on the DRX. The present study is the first 
reported research on the FSP of HT700 alloy. Therefore, 
it is extremely necessary to investigate the grain refine-
ment mechanism of HT700 alloy during FSP. The continu-
ous dynamic recrystallization (CDRX) and discontinuous 
dynamic recrystallization (DDRX) are the two main types 
of DRX in Ni-based superalloy. DDRX includes two steps: 

the nucleation of new grains and grain growth, and this 
mechanism is featured by bulging of the grain boundaries. 
CDRX is a strong recovery process, i.e., the HAGBs and 
new grains are formed by continuously absorbing disloca-
tions into subgrain boundaries. Jazaeri et al. [41] pointed 
out that HAGB% initially decreases and then increases until 
saturating in the range of 60–80% with increasing strain, 
during deformation. Besides, it has been indicated that the 
change of HAGB% during annealing can provide a reliable 
method of identifying the DRX process [42, 43]. A sharp 
increment of the HAGB% means the occurrence of DDRX; 
however, when CDRX occurs, HAGB% remains almost 
constant. During FSP, materials experience severe plastic 
deformation and high temperature, which is similar to the 
process including severe plastic deformation (SPD) and the 
subsequent annealing [10]. Moreover, the HAGB% was at 
values of 58.1–65.1% at present work, which corresponded 
to the range of HAGB% obtained by deformation. This 
implies that the HAGB% remains almost constant during 
annealing. Therefore, it can be concluded that CDRX should 
be the major nucleation mechanism of DRX for HT700 alloy 
during FSP. To further prove the occurrence of CDRX, the 
STEM results of 500/50 were studied, as shown in Fig. 9. 
Dislocations and dislocation structures (e.g., dislocation tan-
gle zones (DTZs), dislocation cells (DCs), dislocation walls 
(DWs), etc.) were very easily detected inside recrystallized 
grains. In general, when CDRX occurs, recrystallized grains 
still have dislocations. On the contrary, recrystallized grains 
are nearly free of dislocation with the action of DDRX [44]. 
Hence, the grain refinement mechanism of HT700 alloy dur-
ing FSP is CDRX.

Based on the above conclusion, the specific grain refine-
ment process is explained as follows. First, the dislocation 
pile-up near the initial grain boundaries and inside the 
deformed grains forming DTZs. Second, when dislocation 
density is high enough, the dislocations rearrangement and 
annihilation occur to reduce the stored energy, and DCs 
are formed. Third, DCs transform into subgrains resulting 
from the lattice rotation of DCs. Finally, LAGBs evolve into 
HAGBs by increasing the progressive misorientation and 
new recrystallized grains are generated.

3.4 � Effects of Rotation Rate on Mechanical 
Properties

Figure 10 shows the engineering stress–strain curves of the 
BM and FSP samples tensioned at RT, 400 °C, and 700 °C, 
respectively. Meanwhile, important mechanical characteri-
zation yield strength (YS), ultimate tensile strength (UTS), 
and elongation obtained during tensile tests at different 
temperatures are presented in Fig. 11. At RT, the FSP sam-
ples showed a slightly higher YS than the BM, but the UTS 
of the former was lower than that of the latter (Fig. 10a). 

Fig. 6   Variation of grain size and misorientation fraction in the SZ 
with increasing rotation rate



1414	 M. Wang et al.

1 3

Fig. 7   EBSD maps showing grain boundaries characteristics and the corresponding distribution of grain-boundary misorientation angle of dif-
ferent FSP samples: a and e 400/50, b and f 500/50, c and g 600/50, d and h 700/50
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At 400 °C, the YS of the FSP samples was slightly higher 
than that of the BM, but their UTS was similar (Fig. 10b). 
Moreover, Portevin–Le Chatelier (PLC) effect or serrated 
flow was found at this temperature, which is attributed to 
the interaction between mobile dislocations and solution 

atoms [45–48]. At 700 °C, both YS and UTS increased 
clearly after FSP (Fig. 10c). For ductility, BM and FSP 
samples all exhibited an excellent elongation at RT and 
400 °C. However, all samples had a very low elongation 
(< 10%) at 700 °C. Thus, the mechanical properties of 

Fig. 8   EBSD maps showing the arrangement of sigma three ( Σ3 ) twin boundaries in different FSP samples: a 400/50, b 500/50, c 600/50, d 
700/50

Fig. 9   STEM micrographs showing dislocations and dislocation structures of 500/50 FSP sample: a structure of dislocations and dislocation tan-
gle zones at low magnification, b structure of dislocation cells and dislocation walls at higher magnification (DTZs, DCs, and DWs correspond 
to dislocation tangle zones, dislocation cells, and dislocation walls, respectively)
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HT700 alloy were improved through FSP. In addition, it 
can be indicated that the maximum strength was achieved 
in 400/50 but the rotation rate had little influence on 
tensile properties of FSP samples with rotation rates of 
500–700 rpm at all temperatures (Fig. 11a, b). Moreo-
ver, the elongation of FSP samples with different rotation 
rates was similar (Fig. 11c). Therefore, it can be demon-
strated that the optimal parameters were the rotation rate 
of 400 rpm and the traverse speed of 50 mm/min.

The strengthening methods of the superalloys mainly 
include precipitation strengthening, grain-boundary 
strengthening, and solid-solution strengthening. For precipi-
tation-hardened superalloys, the solid-solution strengthening 
can be ruled out due to their indistinctive strengthening. The 
grain-boundary strengthening of polycrystalline alloys has 
been suggested by the Hall–Petch relationship which is used 
to express the relationship between the YS and the average 
grain size of the metals [49]:

where σy is the YS, σ0 is the resistance to deformation in the 
crystal, K (750 MPa μm1/2 [50]) is a constant in the same 
material, and d is the diameter of grains. Here, σ0 can be 

(2)�y = �0 + Kd
−

1

2 ,

omitted because only the grain-boundary strengthening was 
considered [50]:

According to the Hall–Petch relationship, the YS of met-
als increases with decreasing the average grain size. For 
the BM, �y = 750 × 77−

1

2 ≈ 85 (MPa); For the 400/50, 
�y = 750 × 4.37−

1

2 ≈ 359 (MPa). A remarkable improve-
ment in the strength of FSP samples is attributed to their 
significant refined grain size.

Precipitation strengthening is also a major strengthening 
mechanism of HT700 alloy. It has been proved that precipi-
tation strengthening depends on the size and volume frac-
tion of precipitation [51]. The high volume fraction of the γ′ 
precipitates will enhance the precipitation strengthening of 
superalloys [52]. The influence of the γ′ size on precipitation 
strengthening is determined by the dislocation–precipitation 
interaction mechanism. It has been proved that the domi-
nant strengthening mechanism in the friction welded joint 
of HT700 alloy is the weakly coupled dislocation (WCD) 
shearing mechanism [53]. The microstructure between the 
friction welded joint and SZ is similar, so it can be inferred 
that the dominant strengthening mechanism of FSP samples 

(3)�y = Kd
−

1

2 .

Fig. 10   Engineering stress–strain curves of the BM and FSP samples at different temperatures: a RT, b 400 ℃, c 700 ℃

Fig. 11   Mechanical properties of the BM and FSP samples tensioned at different temperatures: a yield strength, b ultimate tensile strength, c 
elongation.
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is WCD shearing mechanism, which can be expressed as 
[53]:

where ΔσWCD is the stresses contributed from WCD shearing 
mechanism, τc is the critical resolved shear stress, M is the 
Taylor factor, b is the Burgers vector of a

2
 < 110 > , γAPB is the 

APB energy, T is the line tension of the dislocations, f and r 
are the volume fraction and the radius of the γ′ precipitates, 
respectively. According to Eq. (4), the ΔσWCD decreases with 
decreasing r. To sum up, the precipitation strengthening of 
FSP samples decreases with decreasing the size and volume 
fraction of precipitation.

The γ′ precipitates in the BM are completely dissolved 
during the heating cycle of FSP because the temperature in 
the SZ exceeds the dissolution temperature of γ′ precipitates 
[53, 54]. Then, only a fraction of fine γ′ reprecipitated during 
the rapid cooling, which is called reprecipitated γ′ [20, 53]. 
Xu et al. [53] reported that the diameter and volume fraction 
of reprecipitated γ′ in the friction welded joint of HT700 
alloy were only 6.7 ± 0.9 nm and 8.9%, respectively, both of 
which were much smaller than those of the BM (35 ± 8 nm 
and 20%). Therefore, it can be inferred that the size and 
volume fraction of the γ′ in the SZ both were much lower 
than that of the BM, and similar results have been reported 
in Refs. [20, 53, 54]. Therefore, the contribution of precipi-
tation strengthening of FSP samples was significantly lower 
than that of the BM. As the results of the integrated influ-
ence of the grain-boundary and precipitation strengthening, 
the YS of FSP samples was slightly higher than that of the 
BM at RT and 400 °C. More importantly, post-process heat 
treatment can improve the mechanical properties of the pre-
cipitation-hardened FSP samples by increasing the amount 
of precipitation [55]. The amount of reprecipitated γ′ in FSP 
samples was very low leaving adequate γ′ forming elements 
Al and Ti in the γ matrix. The sufficient driving force for 
the formation of γ′ may contribute to the reprecipitation of 
γ′ during tensile tests at 700 °C, leading to a greater contri-
bution of precipitation strengthening of FSP samples [56]. 
Therefore, high strength was achieved in FSP samples ten-
sioned at 700 °C. Moreover, due to the reprecipitation of 
γ′ during tensile tests at 700 °C, the YS of all FSP samples 
tensioned at 700 °C was higher than that at 400 °C. In addi-
tion, the UTS of the FSP samples tensioned at 700 °C were 
significantly lower than that at RT and 400 °C because of 
their poor ductility and weak work-hardening ability.

For FSP samples, the strength is strongly affected by its 
average grain size because grain-boundary strengthening is 

(4)Δ�WCD ≈ MΔ�c =
M�APB

2b

[

(

6�APBfr

�T

)
1

2

− f

]

,

the most effective method for strengthening. The difference 
in grain size between FSP samples with rotation rates of 
500–700 rpm was small, resulting in their similar strength. 
Therefore, the rotation rates had little influence on tensile 
properties of them. Nevertheless, the 400/50 had the highest 
strength due to its finest grain size. Hence, on the premise 
of no defects producing, reducing the heat input also will 
conducive to improving the mechanical properties of FSPed 
HT700 alloy.

3.5 � Fracture Mechanism

It can be inferred that FSP samples have the same deforma-
tion mechanism because they exhibited similar stress–strain 
curve shapes at all temperatures (Fig. 10). Thus, the fracture 
surfaces of 400/50 and 500/50 were chosen to investigate the 
fracture behavior of FSP samples during tensile tests. The 
SEM micrographs of the fracture surface of the BM and FSP 
samples tensioned at RT, 400 °C, and 700 °C are shown in 
Figs. 12 and 13, respectively. The fracture surfaces of the 
BM and FSP samples tested at RT and 400 °C showed simi-
lar features of typical dimples and shear lips (Figs. 12a–d 
and 13a–d, g–j), indicating that the BM and FSP samples 
tensioned at RT and 400 °C have relatively high ductil-
ity [57]. Due to the FSP samples displayed smaller, shal-
lower, but more quantity and uniform dimples than the BM, 
their ductility were comparable to the BM. Figure 12e and 
f shows the fracture surfaces of the BM tested at 700 °C. 
The fracture surface was characterized by a mixture of inter-
granular and transgranular fractures, and the intergranular 
fracture was the dominant fracture mode. Meanwhile, the 
secondary cracks were observed [58]. The fracture surfaces 
of FSP samples tensioned at 700 °C are shown in Fig. 13e, 
f, k, and l. The typical intergranular fracture was observed 
over the whole fracture surface. The intergranular fracture 
is a characteristic of brittle behavior. Therefore, the BM and 
FSP samples had a bad ductility, which was corresponding 
well with the tensile curves (Fig. 10c). 

4 � Conclusions

In this work, the effect of rotation rate on microstructure 
evolution and mechanical properties of FSPed HT700 alloy, 
as well as the grain refinement mechanism of HT700 alloy 
during FSP was studied. The main conclusions of this work 
are as follows:
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1.	 FSP was successfully applied to the high-strength and 
high-melting-point HT700 alloy with negligible wear 
of the tool. The microstructure with 4–6 μm equiaxed 
grains was obtained in the SZ.

2.	 Reducing the heat input is beneficial to improve the 
strength of FSP samples, so the optimal processing 
parameters in this work were rotation rate of 400 rpm 
and traverse speed of 50 mm/min.

3.	 Due to the reprecipitation of γ’ phase of FSP samples 
tensioned at 700 °C, the yield strength of them increased 
clearly.

4.	 The microstructures of DCs, DWs, and DTZs were 
observed in the SZ as well as the HAGBs% of FSP sam-
ples was 58.1–65.1%, indicating that the grain refine-
ment mechanism of HT700 alloy during FSP is CDRX.

Although the YS of FSP samples was not significantly 
enhanced, post-process heat treatment can improve the 
mechanical properties of FSP samples, which needs further 
investigation.

Fig. 12   SEM micrographs of the fracture surface of the BM tensioned at different temperatures: a and b RT, c and d 400 ℃, e and f 700 ℃
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