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Considering the coexistence and uncertainty of climb, cutting, and Orowan
mechanisms during creep processes, Li et al. develop a creep model coupling
precipitate-spatial and precipitate-size lognormal distribution to predict
accurately creep rate. This finding provides insights to design high-performance
alloys under complex service environments.
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SUMMARY

To meet the 30,000-h design lifetime of a typical turbine disc, under-
standing of long-term creep behavior is critical to prevent premature
structural failure. The existing creep-life predictions often belittle the
importance of multiple dislocation-precipitate interactions, resulting
in several-orders-of-magnitude deviations in comparison with exper-
iments. Herein, our experimental observation shows precipitate
spatial distribution to yield uncertainty of dislocation-precipitate in-
teractions and precipitate-size lognormal distribution to cause coex-
istence of climb, cutting, and Orowan mechanisms. Accounting for
this physical process, we establish a unified model without adjust-
ment parameters for predicting the stress-sensitive creep rate in
precipitate-strengthened alloys. The predicted creep rates show
agreement with experimental data, which makes up for the flaw of
typical classic models with great deviations. Moreover, the present
work reveals the stress-controlled transformation of multiple creep
mechanisms and evaluates their weighting of creep-resistance contri-
butions. Thus, our model provides insights for accurate design of
high-strength and high-creep-resistant alloys under complex service
environments.

INTRODUCTION

High-temperature alloys are currently significant structural materials for service in
the aerospace and energy fields. For example, nickel-based superalloys have
been widely used in aerospace propulsion and hotspot components in industrial
gas turbine generators, such as combustors and turbine casings."? Advances in
the turbine-engine performance, durability, and reliability, especially the thrust-to-
weight ratio, have been closely tied to their high-temperature behavior.** After de-
cades of development, superalloys exhibit excellent creep performance—that is,
low plastic deformation under long-term high-temperature loads.>® In-depth under-
standing of creep mechanisms and predictions of creep lifetime are the keys to
developing advanced high-temperature alloys for meeting extreme service environ-
ment applications. The predicted results from existing creep models were typically
insightful and illustrative. Meanwhile, the creep rate exhibited significant deviation
between the experiment and prediction. In order to further elevate the prediction
accuracy of creep rates and design high-temperature alloys with great creep resis-
tance, a unified model for the stress-sensitive creep rate in precipitate-strengthened
alloys is established by considering the uncertainty of dislocation-precipitate (D-P)
interactions and the coexistence of climb, cutting, and Orowan creep mechanisms.
The D-P interactions are well known to control the high-temperature performance.”'?
Recently, some high-performance precipitate-hardening alloys, such as high-entropy
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Figure 1. Schematic diagram of interaction between dislocations and three-dimensional

precipitates

(A) Transmission electron microscope (TEM) micrograph of various D-P interactions.”’

(B) A schematic illustration of D-P interactions by considering the relative position of the slip plane
with respect to the position of three-dimensional precipitates with the same size.

(C) Typical static dislocation configuration during the dislocation-bypassing precipitates.

alloys and Mg alloys, were also designed by the spinodal decomposition, which is
driven from the complex D-P interactions.'*'* The creep resistance has been studied
extensively by the existing model, assuming that dislocations pass through the equiv-
alent-sized precipitate at a constant slip plane in the context of the climb or Orowan
theory.'”">""” However, the existing creep models considered neither the precipi-
tate-spatial distribution nor the precipitate-size statistical distribution (Figure 1). Thus,
the early theoretical work was not consistent with the experimental observation, ¢!
and this trend is at the expense of huge deviations between the calculation and exper-
iment for the creep rate. Clearly, it is necessary to clarify the reasonable contribution of
the precipitate to creep resistance by considering the spatial and statistical distributions
of precipitates.

As is well known, the dislocation-cutting mechanism is significant, especially for
materials with nanoscale precipitates, which is universally proved by the experi-
ments.””' Based on the strengthening theory, the maximum precipitate strengthening
occurs when the dislocation bypasses the precipitate by means of a cutting mechanism.”
However, this important physical phenomenon during the creep process was neglected
for a long time, resulting in the inaccurate assessment of the creep lifetime.” The creep
experiments clearly suggest that the climb, cutting, and Orowan mechanisms concur-
rently take place, owning to two important factors: (1) the precipitate spatial distribution
and (2) the precipitate-size statistical distribution.”’ Hence, considering the coexistence
of multiple creep mechanisms, a unified statistical model is established to predict accu-
rately the creep rates of precipitate-strengthened alloys.

RESULTS

Precipitate spatial distribution

It is generally assumed that the operative mechanism is determined by the average
precipitate size, and the dislocation always interacts with the precipitate on the
centered plane of a precipitate.”'”'*""/ However, this feature is virtually not the
true physical case. The slip plane of a dislocation is fixed within the material, but
the precipitate is randomly distributed, as shown in Figure 1B. Therefore, even if
the size of precipitates at different spatial positions is the same, there would be
different dislocation-bypass mechanisms (Figure 1B). For example, the means of
the dislocation bypassing a precipitate, “M,” is the climb or cutting mechanism
owing to the deviation between the dislocation slip plane and the central plane of
the precipitate (Figure 1B). On the contrary, for the same-sized precipitate, “N,"
the operative mechanism is the Orowan mechanism (Figure 1B). Thus, the
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precipitate spatial distribution yields the uncertainty of D-P-interaction mechanisms.
In particular, for alloys with the large-size precipitate, the threshold stress is contrib-
uted to by the probability-dependent dislocation-bypassing process, including the
climb, cutting, and Orowan mechanisms.

Here, considering the probability-dependent precipitate-bypassing mechanism, the
effective critical resolved shear stress (CRSS) of creep resistance can be expressed as

() =po()rams + [ pr(Araes(dr r<ry
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where 7jimp is CRSS of climb, and Tyeak (1), Tstrong(r), and Torowan(r) represent CRSS of
probability-dependent weak-pair coupling, strong-pair coupling, and Orowan
mechanisms, respectively, which are derived in Note S1. po(r) is acquired by the
comparison between the applied shear stress and CRSSs. p1(r), p2(r), and ps(r)

are expressed as pi(r)= 1- (1f(rp/r)2)1/z, p2(r) = (1*(rp/")2)1/2*

(1- (rc/r)z)”Z, and p3(r) = 1— pi(r) — pz2(r), respectively. Here, r, is the critical
size of a precipitate for the transformation from the weak-pair to strong-pair
coupling, and r¢ is the critical size for the transformation from the strong-pair
coupling to Orowan mechanism. The detailed modeling and calculation in Equa-
tion (1) are described in Note S2. However, this important physical realistic process
is neglected in the previous theoretical work, leading to the significant deviation in
the predicted creep resistance.

Precipitate-size statistical distribution

It is assumed that “dislocations interact with the precipitate ensemble” can be equiva-
lent to “dislocations interact with a precipitate with the mean size” in the previous work
(Figure 1C).” However, this assumption is not physically realistic. In the present work, the
precipitate sizes are dispersedly distributed, rather than using a single average size
widely used in the previous model, as exhibited in Figure 1C (assuming that the average
size of the precipitate is T in Figure 1C). The sizes of some precipitates may be less than',
such as the precipitate “P” (or larger than ¥, such as the precipitate “Q"), due to the size-
statistical distribution demonstrated in the experiments.'® The means of the dislocation-
bypassing precipitates “P” and “Q" is highly likely to be different, thus leading to the
occurrence of various creep mechanisms. Therefore, it is necessary to take the precipi-
tate-size statistical distribution into account in the creep-strength theory for the accurate
prediction of the creep life.

The experiment demonstrates that the law of the lognormal distribution can be em-
ployed to meet the precipitate size.?” The probability density function of the precip-
itate-size distribution is given by f(r) = (1/mor)exp[— ((In(r) —,u)2/202>],
where p and o are the geometric mean value and the geometric standard deviation
of In(r), respectively.”* Hence, considering the precipitate-size lognormal distribu-
tion, the climb, cutting, and Orowan mechanisms are simultaneous. The creep resis-
tance from the precipitate is always contributed from the climb, weak-pair coupling,
strong-pair coupling, and Orowan mechanisms:
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where Mis the Taylor orientation factor. 77,27, (r), T550,4(r), and 752, (r) come from
Equation (1). rmax represents the maximum precipitate size. The detailed modeling
and calculation process of the effective contributed stress for total precipitates is
presented in Note S3. Therefore, the new equation of the threshold stress is pro-
posed in Equation (2) by considering the physically realistic precipitate spatial distri-

bution and precipitate-size statistical distribution.

The physical-based model because of the climb and Orowan mechanisms is widely
developed for the prediction of the creep rate and its correlated creep lifetime.?*
Based on the previous work,'® a unified equation of creep rates considering the
precipitate spatial distribution and precipitate-size statistical distribution in the pre-
cipitate-strengthened alloys is proposed as

_2’7’|_bC|_N oapp—ath,(r) 3
boc = 0 ( Vs 3)

where 7 is the line tension of a dislocation, which is equal to 7, = 0.5Gb?; b is the
Burgers vector; c_ is a strain-hardening parameter; and N is the dislocation mobility,
which is dependent on the stress and temperature in Note S4. Mis the Taylor factor,
Tapp is the applied stress, oy, is the threshold stress, a is the Taylor constant depend-
ing on the lattice structure, and G is the shear modulus. Here, the novel model of a
threshold stress, o, (r), is dependent on various precipitate-bypass mechanisms,
which rely on not only the precipitate size, but also the precipitate spatial and statis-
tical distributions. It is necessary to emphasize that even though the precipitates are
spherical in Figure 1, the present model is suitable for the other precipitates with
irregular geometry. This is because the present model is based on two facts: (1)
the slip plane of a dislocation is fixed within the material, but the precipitate is
randomly distributed; and (2) the existence of a statistical distribution for precipitate
size. These two facts also exist in the materials with cubic precipitates or other pre-
cipitates with irregular geometry. Therefore, it is believed that the present model is
universal for precipitate-strengthened materials.

Creep-rate theory versus experiment

By coupling all the cases discussed in Figure 1 into the proposed unified statistical
model, the effect of the applied stress on the creep behavior of high-temperature
alloys can be evaluated in detail. Figure 2A exhibits the comparison between the
experimental data and the predications from the classical model and present model
in the MAR-M247 superalloy.?’ It is noted that the comparisons between the classic
model and our work are all with the same parameters, other than the threshold
stress. The threshold stresses are obtained from Equations S1-S4 in the classic
model, while they are integrated into Equation (2) in the present work. As a result,
the predicted creep rates from our model match the experimental results very well
at various temperatures and stresses, compared to the classical model. In particular,
the slope change with the increasing stress at the temperatures of 1,000°C and
950°C, indicating the operative creep-mechanism transformation from the climb
mechanism to cutting/Orowan mechanism, is exactly taken into account. The degree
of deviation in the predicted creep rate between the experiment and model is pre-
sented in Figure 2B. At 800°C, the value of the creep-rate deviation is, on average,
less than 300% for the present model and up to 30,000% for the classical model. At
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Figure 2. The comparisons between the previous experiments and theories
(A) The double logarithmic relationship between the creep rate and applied stress for the MAR-M247 superalloy, where the dots represent the

experimental data, the solid lines denote the predicted results of the present model, and the dotted lines represent the results predicted by a classical
model.”"®

(B) The deviation of the predicted creep rates among our model, a classical model, and experiments in the MAR-M247 superalloy. Here, the filled dots
represent predictions from our model, and the hollow dots denote the predictions from a classical model. The deviations at 800°C correspond to the
right axis. At 900, 950, and 1,000°C, they correspond to the left axis.

(C) The double logarithmic relationship between the creep rate and applied stress for the 718 superalloy. The dots represent the experimental data, the
solid lines denote the predicted results of the present model, and the dotted lines represent the results predicted by a classical model.

900°C, it is, on average, less than 50% for our model, but larger than 600% for the
classical model, revealing that the present model obviously outperforms the clas-
sical model. Hence, considering the precipitate spatial distribution and precipi-
tate-size statistical distribution is necessary to predict the creep rate exactly and
then achieve an accurate material design by reducing failure probability and
enhancing reliability.

Figure 2C exhibits the comparison between the experimental data and the predica-
tions from the current model and the classical model of the 718 superalloy.'” The
results further prove that the present model can match the experimental results bet-
ter, compared to the classical model, in a wide range of stresses and temperatures.
When the applied stress is lower than 100 MPa, a nearly linear correlation between
the applied stress and creep rate is presented in Figure 2C, in agreement with the
classical power-law creep behavior. As the applied stress increases, the obvious vari-
ation of the slope also rises. The obvious transition of the creep rate can be observed
in Figures 2A and 2C. This trend is derived from the transformation of the creep
mechanisms from climb to cutting. When the applied stress is less than that of tran-
sition points, the climb mechanism dominates the creep mechanism. Moreover, a
slight fluctuation could be observed at 750°C with increasing the applied stress,
which is different from the linear correlation at the temperatures higher than
750°C (Figure 2C). This phenomenon is induced by the coexistence of multiple creep
mechanisms due to the statistical distribution of precipitate sizes (Figure 1B). It is
confirmed that the current method can also be applied to 718 superalloys with great
success.

It is universally known that the service condition would strongly affect the creep per-
formance and lifetime.?® Here, our developed high-temperature superalloys are
tested at 650°C/1,100 MPa and 750°C/690 MPa (Figure 3). Compared to the
classical creep model, the accuracy of creep rates predicted from our model is signif-
icantly increased by about 10 times, on average (Figure 3A). The previous work over-
estimates the creep rate, especially at high stress levels, due to the underestimate of
the threshold stress. The transmission electron microscopy (TEM) graphs also show
that the climb, cutting, or Orowan mechanisms are concurrent at 650°C/1,100 MPa

Cell Reports Physical Science 3, 100704, January 19, 2022 5




¢? CellPress

OPEN ACCESS

A ox10% -
modt A
[ b3
£ 5x107T B =
» | c1c3Cs
= " o A
® -k i
S X0T 5o a " “rimem ™
18I0 ourwork g
13} -
Slaxto = - J -
[ Classical work © g .
EES TV S A sl -
8109 A i
36)(10'55 o 0 15T|rr31ae/h ©

S
650°C  750°C

Figure 3. The comparisons between our experiments and theories and observation of multiple creep mechanisms

Cell Rer_)orts .
Physical Science

(A) The creep rate calculated by the classical model, the present model, and our experimental results. The solid points represent the experimental
results, which are derived from the illustration in (A). Here, C-1, C-3, and C-5 are three types of nickel-based superalloys prepared by the powder
metallurgy. The detailed preparation process, alloy composition, and microstructure characterization are presented in our experimental procedure.

(B) The TEM micrograph of the C-5 alloy after creep deformation under 650°C/1,100 MPa.
(C) The coexistence of climb, cutting, and Orowan mechanisms at 750°C/690 MPa.

The blue arrows in (B) and (C) indicate the dislocation-cutting mechanism. The red arrows in (B) and (C) denote the dislocation networks around the

precipitate interface, which would bypass the precipitate through the climb or Orowan mechanisms.

and 750°C/690 MPa (Figures 3B and 3C), while only one mechanism was considered
in the existing model.>'® Thereinto, for precipitates less than 52 nm, the cutting
mechanism dominates creep strengths. For precipitates larger than 52 nm, the
climb/Orowan mechanism governs the creep strength (Figure 3C), attributed to
the criterion of the minimum critical threshold stress for various mechanisms.?” Inter-
estingly, the applied stress far exceeds the critical cutting stress, and the dislocation
to mainly cutinto precipitate is observed in Figure 3B. Hence, the creep deformation
is dominated by the climb/Orowan mechanism at low stresses but by the cutting
mechanism at high stresses. The phenomenon of the creep-mechanism transform
with changing service conditions results in the coexisting multiple creep mecha-
nisms, breaks the conventional assumption of a single creep mechanism, and brings
the complexity of performance regulation.

DISCUSSION

In view of the coexistence of multiple creep mechanisms observed in experiments,
how could we quantitatively determine the occurrence probability of different creep
mechanisms, evaluate the contribution of the corresponding creep strength, and
then accurately tune the microstructure to develop the high creep-resistant mate-
rial? Figures 4A and 4B show the applied-stress-dependent creep mechanism. In re-
gion |, the applied stress is larger than the highest cutting stress at the precipitate
size of Ry, resulting in the only occurrence of the cutting mechanism. In region I,
the applied stress is not large enough for the dislocation to cut into a precipitate,
leading to the occurrence of the climb mechanism. Considering the precipitate
spatial distribution, the cutting mechanism is still present. In region lll, the applied
stress is larger than threshold stress at the precipitate size of Ry, resulting in the acti-
vated Orowan mechanism. The cutting and climb mechanisms are concomitant
owing to the precipitate spatial distribution. Here, the applied-stress-controlled
creep mechanisms are coupled into our model, which is contrary to the previous
model considering only one mechanism under a given creep condition.'?">717:24:25

In order to tune the size distribution of precipitates to enhance key mechanical proper-
ties, Figures 4C and 4D quantitatively describe the occurrence probability of different
creep mechanisms and their contributions to the creep resistance with the changeable
applied stress in a fixed temperature of 750°C. Here, although Figures 4C and 4D pre-
sent for the C-5 superalloys at the test temperature of 750°C, they are representative for
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Figure 4. The calculation process for the probability and contributed creep resistance of various
mechanisms

(A) The schematic illustration of the correlation between the applied stress and threshold stress
derived from the precipitate.

(B) The distribution of various creep mechanisms, where three regions are divided according to the
relationship of the applied stress and threshold stress. The two pink dotted lines would be close (far
away) from each other with the increasing (decreasing) applied stress, which causes the change in
regions, |, I, and Ill and controls the transformation of creep mechanisms.

(C) The occurrence probability of different creep mechanisms as a function of applied stress in C-5
superalloys at a fixed temperature of 750°C.

(D) The creep resistance contributed from various mechanisms in C-5 superalloys.

the other superalloys due to the relatively narrow fluctuation range of the compositions.
Moreover, this model can be easily extended to the precipitate-hardened alloys with
different microstructures and service conditions, using the corresponding classical
creep formulas and material parameters, to quantitatively reveal the occurrence prob-
ability and contributions from various mechanisms. With the increasing applied stress,
the cutting and Orowan mechanisms gradually substitute for the climb mechanism,
which contributes the higher creep resistance. Here, at the low applied stress (gapp <
200 MPa), the climb mechanism dominates the creep deformation and contributes
the most to the creep resistance. When the applied stress increases to more than
200 MPa, the probability of the climb mechanism decreases sharply, resulting in an
obvious transition point in Figures 2A and 2C. At intermediate stress (300 MPa <
Gapp < 700 MPa), the strong-pair coupling produces an equal contribution to creep
resistance, compared with the Orowan mechanism. At high stress (700 MPa < g4pp),
the creep resistance is mainly contributed from the strong-pair coupling (Figure 4D).
It is interesting to note that although the Orowan mechanism is more widely present,
the cutting mechanism contributes higher creep resistance (Figures 4C and 4D). This
new finding breaks the traditional cognition where the Orowan mechanism contributes
to the most creep resistance.
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Table 1. Nominal compositions of three superalloys in weight percent

Co Cr Mo W Al Ti Ta C B Zr Ni
C-1 25.0 12.5 5 0 3.0 4.0 4.0 0.04 0.03 0.05 bal.
C-3 25.0 12.5 4.0 2.0 3.0 4.0 4.0 0.04 0.03 0.05 bal.
C-5 25.0 13.5 2.5 4.0 2.5 4.6 1.6 0.04 0.03 0.05 bal.

Considering the precipitate spatial distribution and precipitate-size lognormal dis-
tribution from the experimental observation, we have proposed a unified statistical
model without adjustment parameters, and we achieve an accurate prediction of
creep rates and creep resistance over a wide range of stresses and temperatures.
The present work obtains the occurrence probability of various creep mechanisms
with the increased applied stress and evaluates their weighting of contributions to
creep resistance. The climb mechanism governs the creep resistance at low
stresses, and the Orowan coupled with cutting mechanisms dominate it at high
stresses, which challenges the conventional view that only the Orowan mechanism
has a leading role in the existing model. Correspondingly, to enhance creep per-
formance, this strategy should be considered in multimodal precipitate sizes:
reducing the size of a precipitate larger than the critical size, r, at the intermediate
stress and increasing the volume fraction of a precipitate less than r. and larger
than r, at the high stress. The current work can provide new insights into the
stress-dependent creep mechanism by considering the uncertainty of D-P interac-
tions and assist the accurate design of ultra-strong creep-resistant alloys.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Qihong Fang (fanggh1327@hnu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All of the data reported in this article will be shared by the lead contact upon request.

Materials and methods

With nominal compositions listed at Table 1, three novel superalloys are prepared by
powder metallurgy routes. Specifically, master alloys were first fabricated by vacuum
induction melting (VIM), and then the powders within sizes of 150 um were obtained
by argon atomization and screening. Thereafter, the powders were consolidated by
the hot extrusion at 1,130°C with an area reduction of 16:1. Finally, the billets were
heat treated at subsolvus temperature of 1,100°C for 2 h and air cooled and aged at
750°C for 24 h.

The initial microstructures before creep are listed in Table 2. All the creep speci-
mens were cut from the billets along the extrusion direction, and the creep tests
were performed in conditions of 650°C/1,100 MPa and 750°C/690 MPa. The
microstructure was observed by a Quanta 650 FEG field-emission scanning elec-
tron microscope (SEM). In addition, samples for TEM observations were sliced
from creep samples beneath the fractured surface, and the slices were twin-jet
electropolished in the corrosive reagent of 90% (volume percent) ethanol plus
10% perchloric acid at —25°C and 20 V. The TEM observation was conducted on
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Table 2. Initial microstructures of three P/M superalloys after heat treatment

Secondary vy’ Tertiary v’
Average Volume Equivalent Volume Equivalent
Alloy grain size, pm fraction, % diameter, nm fraction, % diameter, nm
C-1 2.7 36.6 307 15.0 60
C-3 5.4 371 300 15.6 64
C-5 4.2 325 270 16.7 74

a field-emission TEM Tecnai G2 F20 with a 200-kV-accelerating voltage to charac-
terize the D-P interaction.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100704.
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