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a b s t r a c t 

Thermomechanical behavior of an ultrafine-grained nickel-yttrium alloy has been investigated through 

quasi-static (10 −4 s −1 ) and high temperature creep experiments under uniaxial compression along with 

post-deformed transmission electron microscopy (TEM) characterization. While the alloy possesses a 

quasi-static flow stress of ~1255 MPa at room temperature, the flow stress drops by about 80% at 873 K. 

TEM analysis showed negligible average grain growth over the entire temperature range tested. Further- 

more, the alloy showed exceptional steady–state creep behavior owing to the relative stability of the grain 

size and interactions between dislocations/grain boundary and inclusions/dispersoids. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Precipitate-strengthened polycrystalline alloys have been exten-

sively studied and used since the discovery of the age hardening

phenomenon almost a century back by Guinier [1] . In such class

of materials, introduction of dispersoids has been critical in the

development of advanced structural materials and provides a sig-

nificant basis for designing new materials. In particular, the role

of dispersoids as a core strategy in enhancing multitude of mutu-

ally exclusive properties (e.g. strength versus ductility) in a mate-

rial has been extensively discussed lately [2–8] . For instance, the

recent discovery of a nanocrystalline (NC) copper-tantalum alloy

with nano-dispersoids has demonstrated a new paradigm in metal-

lic alloy design, revealing extreme temperature and strain rate

properties, as well as enhanced thermal and electrical conductiv-

ities [ 2 , 5 , 6 , 9–11 ]. A similar strategy was employed to develop a NC

Fe-5at.%Zr alloy, which was shown to have enhanced creep resis-

tance at 923 K due to numerous coherent and incoherent nano-

precipitates that form in the grain interiors as well as along the

grain boundaries [7] . At slightly larger grain sizes (40 0–50 0 nm),

nanostructured ferritic steel (NFA) alloys that are a sub-class of

oxide dispersion strengthened (ODS) alloys exhibit enhanced high

temperature properties as well as radiation tolerance attributed

to the dispersoids, making them potential candidate materials for

widespread use in the nuclear industry [12–14] . Despite the rapid

expansion of such findings, there still exists an important area for
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urther development of new materials, particularly for sustainable

ransportation industries [ 15 , 16 ]. 

Nickel (Ni) and Ni based superalloys such as IN718 are widely

sed in transportation and power generation industries; however,

he complexity in manufacturing process and cost limits their op-

rating efficiency and ranges [16] . Reducing their grain size to NC

nd UFG regime can significantly improve mechanical properties,

uch as yield strength; however, the microstructural instability

nd grain boundary mediated deformation could be detrimental

or high temperature applications [17–19] . Nonetheless, Darling

t al. [20] have recently developed an ultrafine-grained (UFG)

ickel-yttrium (Ni-Y) alloy that has been shown to be microstruc-

urally stable during annealing up to 1373 K (0.8 T m 

). Similarly,

anoindentation creep study of NC Ni-W indicated low tempera-

ure improvement in microstructural stability and creep properties

ue to alloying of W as compared to NC Ni [21] . In this work, the

hermomechanical stability and high temperature properties of

n UFG Ni-Y alloy are probed through quasi-static (10 −4 s −1 ) and

igh temperature creep tests under uniaxial compression, followed

y transmission electron microscopy (TEM) analysis to understand

he underlying mechanisms. 

The Ni-Y alloy was synthesized with the desired UFG mi-

rostructure using powder processing techniques and controlling

arameters such as milling temperature, milling time, equal chan-

el angular extrusion (ECAE) temperature, and thermomechanical

rocessing conditions as outlined in [20] . Elemental Ni and Y pow-

ers ( −325 mesh and 99.9% purity), with appropriate weights to

btain the target Ni-5at.%Y composition, were loaded into a hard-

ned steel vial along with the milling media (440C stainless steel
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Fig. 1. (A) XRD spectrum of as-received Ni-Y alloy showing presence of Ni and YN phases. (B) Low mag Bright field (BF) STEM image of as-received Ni-Y alloy highlighting 

cuboidal YN phases with red arrows. (C) Medium mag BF STEM image highlighting cuboidal YN phases with red arrows and yttrium nanodispersoids along the grain 

boundaries with yellow arrows. (D) High mag HAADF image highlighting yttrium nanodispersoids with yellow arrows. (F) Number distribution of dispersoid size for Ni-Y 

alloy in the as-received condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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1  
alls) inside a glove box with an Ar atmosphere (oxygen and H 2 O

re < 1 ppm). The ball to powder ratio was maintained at 10:1.

 SPEX 80 0 0M shaker mill was utilized to perform the milling at

ryogenic temperature (verified to be ~ −196 °C) for 8 h using liq-
id nitrogen. The Ni- 5at.% Y powder was consolidated to bulk via

qual channel angular extrusion (ECAE). Before starting the ECAE

rocess, the die assembly used for processing the billets was pre-

eated to 623 K (350 °C) to minimize thermal loss during the ECAE

rocessing. The billets, heated and equilibrated to 1373 K (1100 °C)
or 40 min, were dropped into the ECAE tooling as quickly as pos-

ible from the furnace and extruded at a rate of 25.5 mm/s. These

teps were repeated 4 times following route Bc to prevent im-

arting a texture to the consolidated powder [22] . By extruding

hrough an angle of 90 °, a total strain of 460% was imparted onto

he powder-containing billet because of processing. 

Cylindrical specimens (3 mm in length and 3 mm in diame-

er) for mechanical testing were then machined from these bil-

ets, within the region containing the consolidated powder, via

ire electric discharge machining. Uniaxial compression tests were

arried out at a strain rate of 10 −4 s −1 at various temperatures,

n an INSTRON load frame equipped with a 50 kN load cell and

 high temperature clam-shell furnace. Compression creep testing

as done under constant load (in lab air) on an ATS Series 2320-

M Lever Arm Tester. As-received (after ECAE processing) as well

s post-deformed microstructure were analyzed using TEM, and X-

ay diffraction (XRD) was utilized for phase identification. Speci-

ens for TEM were prepared using the conventional thinning and

impling of 3 mm disks to 70 μm and 5 μm thickness respec-
ively, followed by ion milling using a Gatan Precision Ion Polishing

ystem (PIPS) at liquid nitrogen temperatures to obtain electron-

ransparent regions in the center. The specimens were then plasma

leaned in Ar to reduce contamination prior to TEM observations

n an aberration corrected JEOL ARM-200F operated at 200 keV. 

Fig. 1 shows results from microstructural characterization of as-

eceived Ni-5at.%Y. XRD characterization ( Fig. 1 A) identified the

resence of Ni and YN phases. Exposure of the milled elemen-

al powders to small amounts of nitrogen (N 2 ) during cryogenic

illing resulted in the formation of yttrium nitride phase. Fur-

her details related to the processing and impurity levels can be

ound in [20] . The TEM micrographs, shown in Fig. 1 B and C in-

icates an UFG microstructure with two phases. Energy disper-

ive x-ray spectroscopy (EDS) analysis (Fig. S1B and D) showed

hat the cuboidal precipitates with grey contrast, highlighted with

ed arrows in Fig. 1 B and C are rich in yttrium and nitrogen,

onfirming the results from XRD. The average size for Ni grains

 Fig. 1 E) and large YN inclusions, calculated using the area method

rom multiple TEM micrographs similar to Fig. 1 B, were 262 nm

nd 185 nm, respectively. In addition to the large YN inclusions,

mall yttrium nano-dispersoids (highlighted with yellow arrows in

ig. 1 C and D and composition shown in Fig. S1E) with an aver-

ge size of approximately 7 nm ( Fig. 1 F) were observed to be dis-

ributed throughout the material and pinning the grain boundaries

 Fig. 1 C). The number densities of the large YN inclusions and yt-

rium nano-dispersoids calculated from TEM micrographs (assum-

ng lamella thickness of 70 nm for both), were on the orders of

0 19 / m 

3 and 10 22 /m 

3 , respectively. The presence of these yttrium
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Fig. 2. (A) Compression true stress - true strain response for Ni-Y tested under quasi static strain rate (10 −4 s −1 ) at different temperatures. (B) Strain hardening rate under 

quasi static compression at different temperatures. (C-E) BF TEM images for Ni-Y samples tested at (C) 298 K, (D) 473 K and (E) 673 K. (F) Grain size distribution for Ni 

grains under multiple post- deformed conditions. 
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nano-dispersoids with an average spacing of around 25 nm (calcu-

lated from TEM images), could play an important role on imparting

thermomechanical stability to the microstructure. 

To evaluate such thermomechanical behavior, quasi-static

compression tests were performed at different temperatures.

Fig. 2 A represents true stress–true strain data obtained from these

tests, which shows that the Ni-Y alloy exhibits an exceptional

room temperature yield strength (measured at 0.2% strain) of

~1255 MPa. This room temperature yield strength was retained

up to a temperature of 473 K. However, a sharp reduction in

strength was observed as the testing temperature was increased

beyond 473 K. Additionally, there is a significant strain hardening

observed in low temperature tests (298 and 473 K), which grad-

ually disappears at high testing temperatures (673 and 873 K) as

seen in Fig. 2 B. Fig. 2 (C–E) are the post-deformed micrographs

of samples compression-tested at 298 K, 473 K, and 673 K. After

thermo-mechanical loading, the average grain size at 673 K (~ 0.4

T m 

) was around 320 nm, indicating a marginal grain size increase

of 25% at a homologous temperature of ~ 0.4 T m 

compared to

the as-received condition. A comparison of grain size distributions

between the compression-tested samples and the as-received

material shown in Fig. 2 F illustrates that there is a negligible

coarsening or shift in the size distribution of the Ni grains, and

the alloy maintains its UFG microstructure under significant

thermomechanical loading. Post-deformed characterization clearly

indicates a negligible increase in the grain size and particle size

for the Ni and YN phases, respectively, with the application of

thermomechanical loading. 

To further examine the thermomechanical response of the alloy

under severe conditions such as creep deformation, compression
reep experiments were performed at 673 K, which is nearly 40%

f the absolute melting temperature for pure Ni (0.4 T m 

). Creep

xperiments were conducted at two different stress levels (con-

tant loading), 30% and 50% of the yield stress at 673 K respec-

ively, for at least 300 h (~ 2 weeks). Fig. 3 A represents the creep

esponse for the Ni-Y alloy at 673 K and two different applied

tresses. At both levels of applied stresses, i.e. 30% and 50% of the

ield stress at 673 K, the steady state creep rate shown by the al-

oy is on the order of 10 −8 s −1 . This creep rate possessed by the

FG material is comparable to that of Ni based superalloys [23] .

EM characterization of the crept samples ( Fig. 3 B and C), showed

hat the average grain size was approximately 350 nm, indicat-

ng marginal coarsening as compared to the as-received grain size.

his stable behavior is attributed to the kinetic pinning [ 24 , 25 ]

ffered by the yttrium nano-dispersoids. Furthermore, interaction

f dislocations with yttrium nano-dispersoids can be clearly ob-

erved in Fig. 3 (B–E), which is crucial for enhanced properties,

nd indicates that dislocation-dispersoid interactions are a creep

trengthening mechanism in Ni-Y. These interactions are mainly

overned by the coherency of such dispersoids, which tend to

e predominantly semi coherent/incoherent at such size range of

 nm [26] . 

Next, we evaluate the contribution of different microstructural

eatures on the observed mechanical properties of this alloy. For

nstance, the ultrafine grain structure with dispersoids could re-

ult in Hall–Petch type strengthening as well as the Orowan-type

trengthening mechanism. Hence, we performed a theoretical anal-

sis [27] to evaluate such contributions as a function of the tem-

erature, which is discussed below. In case of Ni-Y, the observed

ow stress ( σ flow ) at different temperatures can be represented
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Fig. 3. (A) Compression creep response at 673 K and at 30% and 50% of the yield stress. (B) Post-deformed BF STEM image of the sample tested at 673 K and 30% of the 

yield stress. (C) Post-deformed BF STEM image of the sample tested at 673 K and 50% of the yield stress. Dislocations are highlighted with red arrows. (D) and (E) are the 

corresponding HAADF images to (B) and (C) respectively highlighting the nanodispersoids with yellow arrows. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Table 1 

The various strengthening mechanisms in Ni-Y operating under uniaxial compression loading. The experimental flow values are 

taken at 10% strain for curves obtained from uniaxial compression tests at a strain rate of 10 −4 s −1 . The grain size distribution for 

all the conditions were almost similar within their standard deviations. 

σ flow (MPa) Expt T (K) d (nm) Expt σ gb (MPa) H-P prediction σ o (MPa) Frictional stress σ or (MPa) Experiments 

1507 298 300 630 22 855 

1406 473 270 629 22 755 

780 673 320 574 22 184 
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ith the following equation, σ f low = σo + σgb + σor , where σ o is

he frictional stress in pure Ni, σ gb is the grain boundary strength-

ning, and σ or is the Orowan-type strengthening. The frictional

tress ( σ o ) for pure Ni [28] has a value of 22 MPa and is constant

t all temperatures. The strength resulting from grain boundaries,

gb , at room temperature is governed by the Hall-Petch equation

s described in Darling et al. [20] for Ni and Ni-Y systems. How-

ver, a shear moduli correction ( G (T ) G o 
) must be applied to their

quation in order to determine σ gb at higher temperatures, where

 o and G ( T ) are the shear moduli at 298 K and at the desired tem-

erature, respectively [28] , see supplemental Table S1. The flow

tress ( σ flow ) equation can be rearranged to obtain the residual

trength that is associated with thermal activation of dislocation

nd grain boundary interactions with inclusions/dispersoids at dif-

erent temperatures, which is listed in Table 1 below. 

From the Table 1 , σor is 855 MPa and 755 MPa at 298 K

nd 473 K, respectively, indicating that the Orowan-type strength-

ning offered by the nano-dispersoids governs the majority of

he strength in the Ni-Y alloy. This behavior can be further ex-

lained through the general equation of Orowan strengthening

( Gb 
2 πλ

√ 

1 −ν
ln ( d r 0 

) ) , where G and ν are the shear modulus and Pois-

on ratio respectively, b is the Burger’s vector of Ni, d is the dis-
ersoid size, r 0 is the outer cut-off radius for matrix dislocations

nd λ is the dispersoid spacing [29] . The σ or at room tempera-

ure of 855 MPa ( Table 1 ) gives a spacing of about ~19 nm based

n the Orowan equation, which agrees with the spacing calcu-

ated from the TEM micrographs shown in Fig. 1 . Additionally,

or , which is governed by the interaction of dislocations with the

ano-dispersoids, is also dependent on the activation energy for

ooping/bypass. At lower temperatures, activation energy for loop-

ng/cutting is generally higher and as the temperature increases

he dislocation motion becomes easier due to increase in the ther-

al contribution for the looping or bypass [30–32] . Thus, the

rowan strength sharply decreases and falls to about 184 MPa be-

ond 473 K. In other words, engineered nano-dispersoids in Ni-

 alloy are not as effective as nano-clusters in NC Cu-Ta alloys

2] , since the latter is able to maintain relative high strength at

ery high homologous temperatures. Nevertheless, the initial creep

haracterization for this alloy shows promising results in terms

f steady state creep rate and microstructure stability akin to NC

u-Ta [2] and NC Fe-Zr systems [7] . However, further composi-

ional optimization (including exploring other alloying elements)

s needed to improve strength at high homologous temperature.

or instance, addition of additional alloy elements could lead to
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a stable duplex system [33] , thus maintaining strength at rela-

tively high homologous operating temperatures. Development of

such behavior is crucial because of (a) high modulus and strength

of Ni as compared to other structural FCC metals such as Al, and

(b) broader applicability of Ni-based alloy for resilient energy gen-

eration and transportation applications. In addition, thermal bar-

rier coatings for Ni-based superalloys can be directly applied to

expedite the transition of these alloys to actual systems. 

In summary, UFG Ni-Y shows considerable microstructural sta-

bility under thermo-mechanical loading up to a homologous tem-

perature of 0.5 T m 

. Addition of Y as an alloying element and

utilization of non-equilibrium processing techniques demonstrated

the contribution of kinetic pinning in retarding rapid grain coars-

ening under the application of temperature and mechanical loads.

Compression creep results for this alloy yielded exceptional creep

rates comparable to advanced Ni-based single crystal superalloys.

Additionally, uniaxial compression tests were also performed at

various temperatures since establishing a relationship between

quasi-static and creep properties of the alloy is crucial for its ap-

plicability in high temperature structural components. Overall, this

study demonstrates that the phenomena of kinetic pinning by ap-

propriate alloying additions can be utilized to achieve tailor-made

microstructure for specific applications. 
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