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Abstract: The influence of Hf on the precipitation behavior of y’ phase and the subsequent tensile properties of a Ni-Cr-Mo alloy after
long-term thermal exposure was investigated. The results reveal that the addition of Hf increases the average diameter of y’ phases
after thermal exposure at 700 °C for 5000 h, which enhances the critical resolved shear stress required for dislocations to shear the y’
phases in the Ni-Cr-Mo alloy. Simultaneously, element Hf incorporated into the y’ phases increases the lattice mismatch between the y’
and y phase, thereby strengthening the coherency strengthening effect. These two factors collectively contribute to the enhanced
strength of the alloy. Thus, Hf alloying effectively improves the yield strength of the Ni-Cr-Mo alloy after thermal exposure at 700 °C.
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1 Introduction

To address the growing challenges of environmental
pollution and energy shortage, the development of advanced
ultra-supercritical (A-USC) high-power plants holds great
significance. These plants can effectively reduce the cost of
burning coal and greenhouse gas emission . According to
the basic principle of the Carnot cycle, increasing the temper-
ature and pressure of the main steam is critical for improving

41 However,

the thermal efficiency of A-USC power plants
the elevated operating parameters put forward higher require-
ments on the high temperature performance of structural
materials used in A-USC power plants, e.g., excellent tensile
properties and oxidation resistance. Nowadays, the maximum
applicable temperature of ferritic steels in turbine units is
limited to 650 °C. For A-USC generating units with higher

’

parameters, y' -reinforced Ni-based superalloys are more
suitable. Normally, the A-USC high-power plants typically
serve for up to 30 years. In this case, besides excellent initial

performance, exceptional microstructure and performance
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stability of candidate materials is of great significance” .
Ni-based superalloys have become the ideal materials for
key components in ultra-supercritical (USC) boiler systems
at 700 °C, due to their exceptional high-temperature oxida-
tion/corrosion  resistance, superior elevated-temperature
strength, creep resistance, and stress-rupture properties” . In
y' -strengthened Ni-based superalloys, the overall properties
are largely determined by their chemical composition.

In the present work, a Ni-Cr-Mo alloy was selected as the
target material, which contains a high content of solution-
strengthening elements (e. g., Cr, Mo, and Nb) and a small
number of precipitation-strengthening elements (e. g., Al and
Ti). The original design strategy of this alloy was to achieve
favorable microstructural stability and excellent high-
temperature corrosion resistance. Firstly, a higher proportion
of Cr is used in the alloy. On the one hand, element Cr can
enhance the oxidation and hot corrosion resistance” . On the
other hand, as a solid solution element, Cr dissolves in the y
matrix, producing a solid-solution strengthening effect.
Simultaneously, Cr can increase the cubicity of y’ and the
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lattice mismatch degree between y’ and """, Element Mo,
when entering the matrix, enhances the lattice distortion of the
y phase, thus producing significant solid-solution strength-
ening effect™. Certainly, Mo alloying increases the anti-phase
boundary (APB) energy of y’, which further enhances the
precipitation-strengthening effect!?. Meanwhile, Al and Ti in
the alloy can optimize mechanical properties by forming y’
precipitates. In this case, the mechanical properties are closely
related to the 9’ characteristics™ ",

For element Hf, it is believed that an addition of Hf can
improve mechanical properties through grain boundary
strengthening mechanisms, such as reducing the tendency for
grain  boundary tearing, boundary
embrittlement caused by sulphur, and enhancing resistance to

preventing  grain

hold-time-crack growth™ " Wu et al*” studied the influence
of lattice mismatch on mechanical behavior and the ductility
effect of Hf in the Ni-Ni;Al system by first-principles
calculation. Their findings indicated that Hf is preferentially
segregated in the y’ phase instead of the y matrix and occupies
the Al sites rather than Ni sites in the y’ phase. Zhang et al*" >
studied the partitioning of Hf among phases by atom probe
tomograph and its effects on y/y’ misfit by X-ray diffraction
(XRD) in FGH97 PM superalloy. Their results revealed two
key observations: first, Hf is primarily distributes in the y’
phase, altering its composition from (Ni, Co),(Al, Ti, Nb) to
(Ni, Co),(Al, Ti, Nb, Hf), which enhances both the content
and lattice constant of y’ precipitates; second, adding an
appropriate amount of Hf reduces p/y’ misfit, which is
conducive to high-temperature durability enhancement of the
alloy. These studies collectively demonstrate that the addition
of Hf plays an important role in regulating the y’ phase in
general Ni-based superalloys.

Our recent research on a Ni-Cr-Mo alloy™ has shown that
at as-cast state, the alloy contains a large number of secondary
phases, including relative coarse y’, MC carbide, etc, and the
majority of these precipitates redissolve into the matrix after
solid solution treatment. Furthermore, y’ reprecipitates to
strengthen the alloy during the subsequent thermal exposure
process. For y’-strengthened Ni-Cr-Mo alloys, their mechan-
ical properties can be regulated by Hf alloying. Therefore, this
study focuses on the effects of Hf on the precipitation
behavior of " and the resulting tensile properties. The findings
are expected to offer novel insights and ideas for the
composition design of such Ni-based superalloys.

2 Experiment

The Ni-Cr-Mo alloy investigated in the present work has a
nominal composition of Ni-22Cr-12(Mo+Nb)-2(Al+Ti)-0.03C
(wt%), which was named as Hf-free alloy. The Hf-doped alloy
was obtained by adding 0.5wt% Hf to the Hf-free alloy. Both
alloys were melted in a vacuum induction furnace, and cast
into rods with 16 mm in diameter and 80 mm in length.

The as-cast alloys were subjected to solution treatment at
1200 °C for 1 h, followed by water cooling. This heat
treatment can reduce dendritic elemental segregation and
dissolve secondary phases to obtain supersaturated solid

solution™ ", To investigate the influence of Hf alloying on
the evolution of y’ phase, the alloys were thermally exposed at
700 °C for 1000, 3000, and 5000 h.

Standard tensile samples with a diameter of 14 mm and a
gauge length of 25 mm were adopted in the present work.
Uniaxial tensile tests were performed on an AG-250kN
universal testing machine at 700 °C. The samples for scanning
electron microscope (SEM) observation were ground,
mechanically polished, and then electrochemically etched by
an etchant solution consisting of 150 mL H,PO,+10 mL
H,SO,+15 g CrO,, with a applied current of 1 A for 5-10 s.
The y' morphologies and elemental segregation were
characterized using an Inspect F50 field emission SEM
equipped with energy dispersive X-ray spectroscope (EDS).
The samples for transmission electron microscope (TEM)
observation with EDS analysis were ground to 50 um in
thickness and twin-jet polished in a solution of 10vol%
perchloric acid at a voltage of 30 V and a temperature of
—25°C. A JEOL 2100FX TEM operating at 200 kV was used
to investigate the interaction between dislocations and y'
phases, while a TECNAI G2 F30 TEM was employed to
analyze y’ composition through high-angle annular dark-field
(HAADF) imaging. XRD measurements were conducted
using a D/Max-2500PC diffractometer at an accelerating
voltage of 45 kV and a scanning speed of 20°/min. XRD data
were analyzed by JADE 6.0 software.

The effects of Hf on y" evolution are reflected in Al segre-
gation which can be expressed by the segregation ratio, R =
C,/C,, where C, and C, are the concentrations of Al in the
dendrite cores and interdendrite areas, respectively. To deter-
mine C; and C,, EDS analyses of element Al on the two alloys
at different states were conducted. Elemental activities were
calculated using the Thermal-Calc software with the Ni-V5
Databases.

3 Results and Discussion

3.1 Tensile properties of Hf-free and Hf-doped alloys at
700 °C
Fig.1 exhibits the yield strength (YS) and area reduction (¢)
of Hf-free and Hf-doped alloys at 700 °C as a function of
thermal exposure time. Obviously, the YS of the two alloys
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Fig.1 Effect of thermal exposure time on YS and area reduction for
Hf-free and Hf-doped alloys at 700 °C
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increases with prolonging the exposure time. Specifically, the
YS values of Hf-free and Hf-doped alloys exposed at 700 °C
for 1000 h are 474 and 534 MPa, respectively. As the thermal
exposure time is extended to 5000 h, the YS of both alloys
increases by 12%—15%. It is worth noting that the Hf-doped
alloy exhibits higher YS than the Hf-free alloy across all
exposure durations. The YS of the Hf-doped alloy increase
slightly by about 12%, when the thermal exposure time is
prolonged from 1000 h to 5000 h. In contrast to the YS trends,
the area reductions of both Hf-free and Hf-doped alloys
decrease after long-term thermal exposure. Specifically, the
area reduction of the Hf-free alloy after thermal exposure for
1000 h is 31%. Upon prolonging the thermal exposure time to
5000 h, the area reduction of the Hf-free alloy decreases by
38%. Comparatively, after 1000 h of thermal exposure, the
area reduction of Hf-doped alloy shows a 6.5% improvement,
compared with that of the Hf-free alloy. However, it deterio-
rates significantly when exposure time reaches 3000 h, which
is earlier than the deterioration onset of the Hf-free alloy. As
the thermal exposure time is further prolonged, the area reduc-
tion of Hf-doped alloy is relatively stable. The influences of
Hf on these properties are closely related to the variations of y’
in different alloys during long-term thermal exposure.

3.2 Influences of Hf alloying on y’ evolution during long-

term thermal exposure at 700 °C

Fig.2 displays the morphologies of Hf-free and Hf-doped
alloys after long-term thermal exposure at 700 °C for 1000,
3000, and 5000 h. In all alloys, the y’ phases exhibit spherical
morphologies, though minor differences in size are observed
between the two alloys. First, with prolonging the thermal
exposure time, the y’ size in the two alloys increases
obviously. Second, variations in y’ size between the Hf-free
and Hf-doped alloys are evident across different exposure

3000 h

durations. Specifically, after 1000 h of thermal exposure, the y’
phases are relatively small: the Hf-free alloy has y’ phases
with an average diameter of 31 nm, while the Hf-doped alloy
has y’ phases with a slightly larger average diameter of 37 nm.
Certainly, the volume fraction of y" in Hf-doped alloy is also
higher than that in the Hf-free alloy. This phenomenon is in
agreement with the findings in Ref.[28—29], which report that
Hf alloying promotes the y’ precipitation. When the thermal
exposure time is prolonged to 3000 h, the y’ diameter
increases to 44 nm in the Hf-free alloy, whereas the average y’
size of the Hf-doped alloy reaches 52 nm. After thermal
exposure for 5000 h, the y’ size increases to 62 nm in the Hf-
free alloy and 67 nm in the Hf-doped alloy. The increased y’
size results in the decrease in channel width of y, limiting the
space for dislocation motion, and impairing deformability.
Thus, the plasticity significantly decreases after long-term
thermal exposure. Furthermore, in the present work, the
standard deviation (std) of y’ sizes was calculated as an
indicator of y’ dispersion uniformity (Fig.3). Obviously, the
larger the standard deviation, the more inferior the '
distribution uniformity. With prolonging the thermal exposure
time, the standard deviation of y’ sizes increases in both the
Hf-free and Hf-doped alloys, which should be attributed to
continuous precipitation of y' phases.

In Ni-Cr-Mo superalloys, ' coarsening is often controlled
by elemental diffusion, which obeys Lifshitz-Slyozov-Wagner
(LSW) theory™ " This theory assumes that the average
diameter of y’ and the thermal exposure time follow a specific
relationship, as expressed in Eq.(1).

d*-dj =kt )
where d is the average diameter of y’ after thermal exposure
for ¢ h, d, is the initial average diameter of y’ without thermal
exposure, ¢ is the thermal exposure time, and k is the

Hf-free alloy

Hf-doped alloy

Fig.2 Morphology evolution of y’ phases in Hf-free alloys (a, ¢, ¢) and Hf-doped alloys (b, d, f) after thermal exposure at 700 °C for different

durations: (a—b) 1000 h, (c—d) 3000 h, and (e—f) 5000 h
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Fig.3 Size distributions of y’ phases in Hf-free alloys (a—c) and Hf-doped alloys (d—f) after thermal exposure at 700 °C for different durations:

(a, d) 1000 h, (b, €) 3000 h, and (c, f) 5000 h

coarsening coefficient.

In this study, the k& values for the Hf-free and Hf-doped
alloys are determined to be 46 and 52 nm’/h, respectively. It is
well known that the & value is controlled by the diffusion rate
of y’-forming elements™. Previous works have indicated that
the diffusion activation energy of Hf (0=251 kJ'mol") is
lower than that of Al (=260 kJ-mol™) in Ni***\, Moreover, Hf
can be incorporated into the y' phase and enhance the
coarsening rate of y'*". Hence, the k value of the Hf-doped
alloy is larger than that of the Hf-free alloy.

In addition to the size of y’, the lattice mismatch between y
and y’ precipitates is another important factor affecting the
mechanical properties.

3.3 Effect of Hf alloying on lattice mismatch between y
and y'

In both alloys, the y’ precipitates maintain a coherent
relationship with the y matrix, causing the diffraction peaks of
y" and y to overlap in XRD patterns. Thus, the peaks must be

deconvolved using the PersonVII function in PeakFit
software. For the Hf-free and Hf-doped alloys after thermal
exposure for 5000 h, the (111) plane with the highest diffrac-
tion intensity is selected to calculate the lattice parameters of y
and y’. This calculation employs the Bragg equation””,

2dsing = nA(n = 1), and the interplanar spacing formula for

face-centered cubic crystal, 1/d = I* + k* + > /a. a is the
lattice constant. The lattice mismatch (J) between y and y’
precipitates is calculated using the equation: 6 =2(a, -
a,)/(a,+ a,). a, and a, mean the lattice constants of y and y’,
respectively. Furthermore, to obtain accurate intensity
distributions, a fine XRD scan is performed on the (111)
plane, as shown in Fig.4. The lattice constants of y and y" and
the lattice mismatch (d) for both the Hf-free and Hf-doped
alloys are presented in Table 1. Hf alloying results in larger
lattice parameters of y’ and y, increasing by 0.06% and 0.28%,
respectively. As a large-sized atom, most Hf in the alloy enters
into the y’ phase, leading to stronger lattice distortion, and thus
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Fig.4 XRD patterns of the (111) plane for the Hf-free (a) and Hf-doped (b) alloys after thermal exposure at 700 °C for 5000 h
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Table 1 Lattice constants and J of Hf-free and Hf-doped alloys
after long-term thermal exposure at 700 °C for 5000 h

Alloy a,/x10"" nm a,/x10" nm /%
Hf-free 3.598 3.607 0.25
Hf-doped 3.600 3.617 0.47

inducing a higher increase magnitude in y’ lattice constant
compared to that of y. Therefore, the J of the Hf-doped alloy
is larger than that of the Hf-free alloy, which can enhance the
precipitation-strengthening effect.

3.4 y' strengthening mechanism of Hf-free and Hf-doped

alloys

The enhancement of lattice mismatch caused by Hf alloying
can also result in improvement in coherency strengthening,
which is expressed by Eq.(2)"*.

7, = 6G (d2b)" 126537 2
where 7, denotes coherency strengthening stress, G is the shear
modulus, d is the average diameter of y’, b is the value of
Burgers vector, f is the volume fraction of y’, and J, is the
lattice mismatch between y and ' at high temperatures.

It is well known that J,; is closely related to the thermal
expansion coefficient of the y/y' phases at high temper-
atures™ ", Combining the thermal expansion coefficients of
the y/y' phases in both the Hf-free and Hf-doped alloys, the
lattice mismatches of both alloys at high temperatures can be
expressed as 0,=0.716 (for the Hf-free alloy) and 6,=0.796
(for the Hf-doped alloy), respectively. On the basis of
previous studies and thermodynamic calculations®™ ", the
relevant parameters are as follows: G=61.73 GPa, »=0.254
M, fiiene iy =14-84%,  ficapedaioy=13-33%,  Oypee aioy=0-0024,
and  Oypgopeaany=0-0047. Substituting these parameter values
into Eq.(2) yields the curves of coherency strengthening stress
(z,) versus y’ diameter, which are plotted in Fig.5. Obviously,
the 7, derived from coherency strengthening increases after Hf-
alloying. Furthermore, with the increase in y’ diameter, the
coherency-strengthening effect is enhanced.

In addition to coherency strengthening, both alloys are
strengthened through y'-induced precipitation strengthening
during the tensile process. The y' strengthening mechanism is
mainly manifested in two modes: dislocations shearing y’ and

1000
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< 600}
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2
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Fig.5 Curves of theoretical z, vs y' diameter for Hf-free and Hf-doped
alloys

the dislocations bypassing y". To identify the dominant strength-
ening mechanism in these two alloys, the critical resolved
shear stress (CRSS) is calculated. As the diameter of y' is
smaller than the spacing of dislocation pairs, the two disloca-
tions in pairs cannot shear the same y’ phase at the same time.
In this case, a weakly coupled dislocation (WCD) interaction
occurs between y' and the dislocation pairs. The CRSS

induced by WCD (Az,) can be calculated using Eq.(3)"" '
1 1

82, = 5 (rarlb)” (2d01GE) A = 2 (yaeulb) £ 3)
where y,,, is the antiphase boundary energy, d is the average
diameter of y’, G is the shear modulus, fis the volume fraction
of y’, and A4 is the shape factor depending on the morphology
of y".

With prolonging the thermal exposure time, y’ undergoes
coarsening. As the diameter of y’is larger than the spacing of
paired dislocations, the two dislocations in a pair can shear the
same ' phase simultaneously. Strongly coupled dislocation
(SCD) interaction happens between " and the dislocation pairs.
The CRSS induced by SCD (Ar) can be expressed by

Eq.(4)>*;
Ars:%x 1.72(Gbw/2d ) f2[1.28(2dy /G w) ~ 112 (4)

where o is a parameter associated with elastic interaction
between paired dislocations.

Besides, the dislocation bypassing y’ follows the Orowan
bow-bending mechanism. In this case, the CRSS caused by
Orowan bow-bending mechanism (Az,) can be calculated by
Eq.(5)"*:

At, = Gboln(L/2b)/2nL S

p=1U{2[1+ /(1 +w]} (6)
where u is the Poisson’s ratio; L is the interparticle distance of

y". L depends on the size and volume fraction of y’, so L is
expressed by Eq.(7)*":

L=d[ J&3nf) - 1] (7)

According to previous investigations and thermodynamic
calculations”"", the following parameters are obtained: y,,,=
0.1 J/m*, b=0.254 nm, A=0.72 (for spherical y), 0=1, G=61.73
GPa, [ e atoy=14-84%, and fii; uininganoy=19-33%. Substituting
these data into Eq. (3 —7) yields the relationships between
CRSS and y’ diameter for the Hf-free and Hf-doped alloys,
which are plotted in Fig. 6a. The ordinate At refers to the
resistance that dislocations must overcome to shear the y’ pre-
cipitates. Therefore, the critical y’ diameters for the transforma-
tion from WCD to SCD interactions are determined to be 66
and 67 nm for the Hf-free and Hf-doped alloys, respectively.

In the present work, the average y’ diameter in both the Hf-
free and Hf-doped alloys is smaller than their respective
critical diameters. Thus, y’ strengthening mainly derives from
WCD. Intuitively, the variations of YS with y’ size in the two
alloys are also displayed in Fig.6a. Distinctly, the variations of
YS of both alloys closely align with the Az,. Correspondingly,
the main interaction between dislocations and y' is also
detected by TEM in Hf-doped alloy after thermal exposure for
5000 h (Fig. 6b). Obviously, the left arrow refers to stacking
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Fig.6 Theoretical CRSS and YS vs y’ diameter for Hf-free and Hf-doped alloys (a); TEM image showing the interaction between dislocations and

y"in Hf-doped alloy thermally exposed at 700 °C for 5000 h (b); schematic illustration of dislocation interaction with y’ (c) (salmon lines

refer to the stacking faults generated by the dislocations shearing y, green lines refer to the stacking faults induced by the dislocations

shearing y’, and black circles represent y' precipitates)

faults (SFs) generated by dislocations shearing y’; the top
arrow refers to SFs caused by the dislocations shearing y.
Schematic illustration (Fig. 6¢) of the dashed box in Fig. 6b
confirms the dislocations shearing y’ in the manner of WCD.

In the WCD-dominated mechanism, the strength from y’-
strengthening is controlled by y’ size, which increases with the
increase in y’ diameter. Across all thermal exposure durations,
the average y’ diameter in the Hf-doped alloys is larger than
that in the Hf-free alloys. Therefore, the YS originated from
WCD is higher in the Hf-doped alloys than in the Hf-free
alloy. Thus, under the influence of the above two factors, the
YS of the alloys is effectively improved.

Actually, the variation in y' size in the Hf-doped alloys is
highly related to the influence of Hf alloying on the Al
distribution.

3.5 Effects of Hf alloying on Al segregation

As the most important y’-forming element, Al exerts a
crucial influence on the formation and evolution of y’
precipitates. Previous study™ illustrated that the content and
distribution of Al could significantly affect the precipitation
behavior of y". Certainly, the precipitation behavior of y’ can
also reversely influence the distribution characteristics of Al.
Therefore, the effects of Hf alloying on y’ evolution can be
explained by analyzing the wvariation in Al distribution
between Hf-free and Hf-doped alloys. EDS data for the two
alloys after thermal exposure for 0 (solution treatment), 3000,
and 5000 h are plotted in Fig.7. Obviously, Al is segregated in
the dendritic cores of the Hf-free alloys, while it is segregated
in the interdendritic regions for the Hf-doped alloys. In the
solution-treated samples, the segregation ratio of the Hf-free
alloys is higher than that of the Hf-doped alloy. With
prolonging the thermal exposure duration, the segregation
ratios of Al in the two alloys gradually approach 1, which
indicates that the degree of Al segregation decreases in both
Hf-free and Hf-doped alloys. Specifically, during thermal
exposure up to 5000 h, the segregation ratio of Al drops in Hf-
free alloy but rises in Hf-doped alloy. For the Hf-free alloy,
the size and volume fraction of y’ increase continuously with
prolonging the exposure time. Furthermore, this process

proceeds more quickly in dendrite cores, where Al content is
higher, leading to faster consumption of Al in the y matrix.
Thus, the difference in Al content between dendritic cores and
interdendritic regions decreases in the Hf-free alloys. For Hf-
doped alloys, Hf participates in forming y’, and some Al atoms
in y’ are replaced by Hf. EDS element mapping results of y' in
the Hf-doped alloys are exhibited in Fig. 8. The distinct
contrast of Al and Hf in y’ implies their substantial presence
(Fig. 8b and 8d), while the dark contrast of Cr suggests its
scarcity in y' (Fig.8c). In this case, the consumption of Al in
the y matrix is restrained during the formation of y’. Therefore,
the difference in Al content between dendritic cores and inter-
dendrite regions also decreases gradually in the Hf-doped alloy.

From another perspective, the influence of Hf alloying on
Al segregation behavior can be attributed to variations in Al
activity. Activity is the thermodynamic equilibrium concen-
tration of a component and it is commonly used to characte-
rize the alloying degree of that component. Based on the
Miedema model™”, the activities of Al in the alloy at 700 °C
were analyzed using Thermal-Calc software with the Ni-V5
database. The results reveal that the Hf alloying reduces the Al
activity from 1.890x107° to 1.877x107", rendering it harder to
diffuse in the Hf-doped alloy.

The pivotal factor underlying Hf impeding Al consumption
in 9y’ precipitation can be attributable to its notably higher
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Fig.7 Variations of Al segregation behavior in Hf-free and Hf-doped

alloys with thermal exposure time at 700 °C
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Fig.8 HAADF image of the y’ in Hf-doped alloy after thermal exposure at 700 °C for 3000 h (a) and corresponding EDS mappings of elements

Al (b), Cr (c), and Hf (d)

diffusion rate in comparison to Al After solid-solution
treatment, most precipitates dissolve into the matrix. During
long-term thermal exposure at 700 °C, elements Al and Hf
gradually diffuse. From the thermodynamic perspective, the
diffusion activation energy of Hf in Ni (251 kJ-mol ") is lower
than that of Al in Ni (260 kJ-mol ")®*. Hence, Hf can diffuse
more easily than Al, which is more conducive to the formation
of y". Eventually, compared with that in the Hf-free alloys, the
y' diameter in the Hf-doped alloy increases markedly after
long-term thermal exposure at 700 °C.

In summary, the influence of Hf on the mechanical
properties of the Ni-Cr-Mo alloy can be mainly ascribed to the
following two aspects. On the one hand, Hf diffuses more
rapidly than Al, and exerts a stronger promotion effect on y’
formation. This results in a larger y’ size in the Hf-doped alloy
compared to the Hf-free alloys. In y'-strengthened Ni-Cr-Mo
alloys, the strength contributed by 7' strengthening is mainly
controlled by y’ size; this strengthening is achieved through
WCD mechanism, where dislocations shear y’. On the other
hand, Hf atoms are incorporated into the p’ precipitates,
leading to a higher lattice mismatch between y and y’, which
further improves the strengthening effect.

4 Conclusions

1) With prolonging the thermal exposure time, the YS of
both Hf-free and Hf-doped Ni-Cr-Mo alloys gradually
increases, and the YS of Hf-doped alloys is consistently
higher than that of Hf-free alloys.

2) During long-term thermal exposure of the Ni-Cr-Mo
alloy, Hf alloying increases the average diameter of p’
precipitates. Furthermore, Hf alloying enhances the lattice
mismatch between the y matrix and y’ precipitates after

thermal exposure at 700 °C for 5000 h.

3) In y’-strengthened Ni-Cr-Mo alloys, the strength contri-
buted by y’ strengthening is mainly controlled by y' precipi-
tates. This strengthening is achieved via WCD mechanism,
where dislocations shear the y’ particles.

4) Hf atoms enter the y’ phase, leading to a higher lattice
mismatch between y and y’, and thereby further improving
strengthening effect.

5) Based on the analysis of strengthening theory, the
improvement in the alloy’s strength is primarily attributable to
the increase in average diameter of y’ precipitates.
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WA EUXINI-Cr-Mo & & p THITUEIT KA H % RERY R

T BB, A, R
(1. FEBER SEOETHT TSR .G, 10T L 110016)
Q. FEBPFRARRY MERRES TR, 10T L 110016)
. FEBFEL SEUEAT MRS LT E S, 0T TR 110016)

# E: W T HE Ni-Cr-Mo & £ KGR 52 5 o ARBT AT M SR RE RS2 . 25 53R B, 76 700 “C 2 5000 h (1 FE T, HFfY
IO RT y MRS, AR T Ni-Cr-Mo & & AL #E B U1y MR I S o0 BT DI g0 [RIINE, HETERBEN A, 3InT y 5y 208
0 SRS HE LS, & & T UlE s b AU . X2 BRI R IL M4 T A& mamE . Bk, HEE ST DUA U2 & Ni-Cr-Mo & 4 18
700 °C L T i AR S

X317 Ni-Cr-Mo &4 #aath; yumfh; KGR, fdheyy)
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