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Enhanced plasticity and superplasticity of ultrafine-grained nickel
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Although superplasticity has intensively been studied for half century, few observations have been reported for pure metals
due to fast grain growth at temperatures required for superplasticity. With developing of nanocrystalline materials, there was
a hope that superplasticity could be obtained in a number of pure metals. Indeed, low temperature superplasticity in pure
nickel was reported in pioneering work in 1999, later superplastic feature of nanonickel was attributed to sulfur presence in
grain boundaries. Recently, it was concluded that superplasticity it is not related to the presence of sulfur at grain boundar-
ies or a liquid phase at grain boundaries. Thereby, the phenomenon of superplasticity in pure metals is still far away for our
understanding and it requires future work. This report is devoted to reassessment of superplastic behavior of nano-nickel and
it provides new results on enhanced plasticity of pure nickel processed by HPT consolidation of rapid quenched ribbons. Bulk
ultrafine-grained nickel was successfully processed by RT consolidation of rapid quenched ribbons using high-pressure tor-
sion. RQ nickel possesses equiaxed grain structure with mean grain size of 1-2 um showing well defined grain boundaries.
Upon HPT consolidation mean grain size of ~0.2 um and high dislocation density have been achieved. However, consolidated
Ni specimens show enhanced plasticity >140% at testing temperature of 450°C and strain rate of 10~ s™. No superplastic re-
gime has been attained for given testing conditions.
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IToBbIIeHHAS TTACTUYHOCTD U CBEPXIIACTMYHOCTD
YIbTPaMeNKO3epPHUCTOTO HUKEN

XO0T# CBepXIUIACTMYHOCTb MHTEHCUBHO UCCIIEOBAIACh B TeYeHIE IIOTyBeKa, TONbKO HeOOJIbIIoe KOMNYeCTBO JaHHBIX OBIIO
OITyO/IMKOBAHO JUIA CITy4as YMCTBIX MeTa/UIOB BBUY OBICTPOrO POCTa 3epeH B HUX IIPK TeMIIepaTypaX, HeOOXOMMBIX I
cBepxmacTueHOCTH. C pa3pabOTKOil HAHOKPUCTA/UINYECKUX MaTepyajoB MOABMIACh HAJEeX/a, YTO CBEPXIUIACTIYHOCTD
MOXKeT OBITb IIOJIy4eHa B psfie YMCTHIX MeTa/IOB. [lefICTBUTE/IbHO, HU3KOTEMIIEpaTypHasl CBEpXIIIACTUYHOCTD OblIa 0OHa-
PY>keHa B IMOHEPCKOI paboTe B 1999 I.; O3aHee CBepXIUIACTIYECKOE IIOBeeHIe HAHOHMKE/LA OBUIO 0ObACHEHO HaIM4MeM
cepbl B rpaHuIax sepeH. HeraBHO ObIIO BBLACHEHO, YTO CBEPXIUIACTUYHOCTD He CBA3aHa C CepOoll B 'PaHMI[aX 3epeH VIV KU -
Kot pa3oii B rpaHuIiax sepeH. TakuM 06pa3som, sBJIeHNe CBEPXIUIACTIYHOCTY B YMCTBIX MeTa/UIaX BCe ellle JaleKo OT IIOHU-
MaHMA U TpeOyeT Ha/bHeNlIero uccaefoBanys. [JanHas paboTa IOCBAIEHa IePeCMOTPY CBEPXIIACTIYECKOTO IOBeieHNA
HaHOHMKENA ¥ MIPUBOJUT HOBbIE JAHHBIE O MOBBIIIEHHOI ITACTUYHOCTY YMCTOTO HUKENA IOTy4eHHOTO IIyTeM KOHCOMMTA-
IV METOJOM KpydeHus mox BbicokuM papenyeM (KBJI) OpicTpo3akaneHHbIX JeHT. [TyTeM KoHconmmupanuy ObICTpO3aKa-
neHHBIX JIeHT MeTopioM KBJI 6611 nomy4yeH 06 beMHBIIT YIbTPaMe/IKO3ePHUCTDII HUKeTb. BpICTpO3aKaIeHHbI HUKE/Ib IMeeT
PaBHOOCHYIO 3€pEHHYIO CTPYKTYPY CO CPEIHUM pasMepoM 3epeH 1-2 MKM U XOpouIo c)OpMUPOBaHHBIMI IPAHULIAMY 3€-
pes. ITocne koncommpanuu KBJ focTUrHYT cpemHuUil pasMep 3epeH oKomo 0.2 MKM 1 BBICOKasI INIOTHOCTD AuciaoKanuit. Of-
HaKO KOHCOMMAMPOBaHHBbIe 00pa3ubl Ni IpOSABIIAIOT BBICOKYIO INIACTUYHOCTD (6omee 140%) mpy TeMIlepaType MCIIBITAHUI
450°C n ckopoctu gedopmanuy 107 ¢, [l faHHBIX YCIOBUI CBEPXIUIACTUYECKOTO PeXX1iMa He OBUIO JOCTUTHYTO.

KiroueBble c1oBa: HUKeIIb, CBEPXIUIACTUYHOCTD, IMEKTPOOCKAEHIE, ObICTPO3aKaIeHHbIE TeHTbI, KPyUeHMe IO BBICOKIM [aBIeHUEM,
KOHCOM/TALINS

1. Introduction new and extraordinary properties [1—3], which are grain

size dependent. Bulk nanocrystalline (NC) and ultrafine-

A strong refinement of microstructure in metals and alloys grained (UFG) materials provide a good opportunity to
by equal channel angular pressing (ECAP) and high- study a scalability of physical and mechanical properties to
pressure torsion (HPT) provides a potential for attaining nanoscale range. Superplasticity is known as strong grain
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size dependent phenomenon. It is manifested as an ability
of a material to sustain large plastic deformation. Necessary
conditions for superplasticity observation are a stable fine-
grained microstructure and a temperature higher a half of the
melting temperature. The generalized constitutive equation
for superplasticity links the flow stress and strain rate:

: DGb(bY (o)
E=A——|—| | =
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where ¢ is the strain rate, D is the appropriate diffusivity (lat-
tice or grain boundary), G is the shear modulus, b is the Burg-
er’s vector, k is the Boltzmanns constant, T is the test tem-
perature, d is the grain size, p is the grain size exponent and ¢
is the applied stress and 1/# is the strain rate sensitivity. This
equation suggests that NC and UFG materials, at constant
strain rate, may be superplastic at significantly lower temper-
atures than their coarse-grained counterparts, which would
reduce the problem of grain growth during deformation.

In pioneering work [4—7], it was reported that
superplasticity in electrodeposited nanocrystalline nickel can
be achieved at 350°C, which is 0.36 of the melting point (T, ),
the lowest normalized superplastic temperature reported for
any crystalline material. A maximum elongation of 895% was
obtained at 0.4-T,, which is a large reduction in temperature
and increase in elongation over the previously reported
best result for cold rolled nickel [4] of 250% elongation
at 0.75-T,. One can expect similar results can be observed
in nanostructured materials processed by high-pressure
torsion straining that leads to significant grain refinement.
However, numerous attempts to attain superplasticity in pure
metals processed by high-pressure torsion were unsuccessful
although in many UFG alloys, superplastic behavior at sub-
stantially low temperature and at high strain rate was found
[5,6], pure copper and nickel refined by HTP did not dem-
onstrated noteworthy plasticity. This controversy leads to
discussable conclusion in [8] that superplasticity in elec-
trodeposited nickel induced by sulfur segregating in grain
boundaries. However, later it was shown clearly for electro-
deposited nickel with different contents of sulfur [9—11] that
there is no influence of sulfur content on superplastic behav-
ior during tensile testing. Certainly in many cases commer-
cial purity nickel with some retained sulfur was employed
for HPT processing and consequent tensile testing. In those
specimens no superplastic behavior has been detected. An-
other method of processing ultrafine-grained structure is the
HPT consolidation of rapid quenched (RQ) nickel ribbons. It
was shown earlier [12] that bulk specimens with fine struc-
ture of grain size of about 0.2 pm or less can be processed by
this method. The aim of this paper to study tensile properties
of HPT consolidated RQ nickel at elevated temperatures and
discuss the results obtained in light of possibility to achieve
superplacticity in pure metals.

2. Experimental Procedure and Material
High-purity (99.99%) nickel was selected for this

investigation. Full details of the experimental procedure
for rapid quenching were described earlier [12]. Briefly,

ribbons of pure nickel were prepared by melt spinning under
an argon atmosphere using a copper wheel with a rotation
speed of ~10° revolutions per minute. These nickel ribbons
of ~30 um in thickness and 3 mm in width were shiny and of
good quality, the thickness and the width were maintained
constant over long lengths and there was no evidence for any
holes, protruding inclusions or crystals or any rough edges.

A consolidation was performed using constraint HPT
(Fig. 1) at room temperature at applied load of 6 GPa for 6
whole revolutions. Final specimens had a disk shape of ~10
mm in diameters and about 0.5 mm in thickness. Further
details can be found elsewhere [3,12].

Tensile specimens having a gage length and width of 1.0
mm and a nominal thickness of 0.5 mm were electro-discharge
machined from nickel disk (Fig. 2). Testing was conducted
at constant strain rate 10° s using a laboratory constructed
bench-top tensile machine having 5 um displacement and
10—20 g load resolution. Samples were heated at 50°C min™
to the test temperature, which was controlled to £1°C. Final
elongation was measured in the gage length in order to elimi-
nate contribution from deformation in the specimen heads.
Microstructural characterization of material under study was
performed by transmission electron microscopy TEM.
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Fig. 1. Schematic of HPT consolidation.
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Fig. 2. Schematic of cutting the miniature tensile samples.
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3. Results and Discussion
3.1. Initial microstructure

Initial TEM microstructure of RQ and RQ+ HPT nickel
specimens are shown in Fig. 3a,b, respectively. Thus, the
microstructure of the RQ nickel is fine with a mean grain
size of ~1—2 um, the grains are separated by well-defined
boundaries with fringes indicating that the boundary
dislocation density is high and some retained dislocations
are observed in grain interiors as shown in Fig. 3a. Some
a

of the grain interiors of the RQ nickel are essentially free
of dislocations. By contrast, the RQ+ HPT microstructure
in Fig. 3b shows a typical highly strained microstructure
with a mean grain size of less than 100 nm. The selected
area electron diffraction (SAED) pattern in the upper right
is similar to that observed for HPT metals [1,3]. However,
one can notice that HPT consolidated RQ nickel possesses
relatively better defined microstructure with well resolved
grain boundaries with Moiré fringes.

3.2. Tensile testing
b

Engineering stress — strain curves obtained at a constant
strain rate of 10 s™ and an elongation to fracture are shown
in Fig. 4. A specimen fractured at room temperature was
brittle and quite probably porous which may cause low
strength of nickel specimen tested at room temperature

Fig. 3. Microstructure of nickel: (a) rapid quenched ribbons and (b)
HPT consolidated RQ ribbons.

(Fig. 4a). An important transition in mechanical behavior
occurred above RT, indicated by the 250°C-curve that shows
yielding and strong strain hardening with a double increase
in elongation to fracture. It shows high strength of 900 MPa
greater that NC electrodeposited nickel (<400 MPa) tested at
the same condition [5]. Increasing testing temperature sig-
nificantly improved ductility of HPT consolidated RQ nickel
up to 140% at testing temperature of 450°C. Fig. 4b shows
the elongation to fracture as a function of testing tempera-
ture. It is worth to notice that there is a transition region of
250—350°C from low to high ductility. This transition co-
incides with exothermic peak in the DSC curve obtained in
[5,15] for electrodeposited nickel and it was assumed that
it is associated with abnormal grain growth in nanocrystal-
line nickel giving rising in grain size of 1—2 order of mag-
nitude. This phenomenon of abnormal grain growth may be
a mechanism for accommodation of grain boundary slid-
ing during superplastic deformation in case of electrode-
posited nickel. However, in case of HPT consolidated rapid
quenched nickel ribbons has shown no superplastic prop-
erties (elongation >200%) and superplastic regime has not
been attained at testing temperature of 450°C. According to
deformation map [16] deformation mechanism in this case
is power-law creep by climb-plus-glide or power-low creep
limited by gliding alone.
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Fig. 4. (a) Engineering stress-strain curves for HPT consolidated RQ
nickel tested at elevated temperatures (¢=10~s"); (b) Elongation to
fracture as a function of testing temperature.
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3.3. Thermal stability

In order to inspect a microstructure of the nanostructured
nickel at start of tensile test some specimens were heated up
at the same heating rate (50°/min) to the test temperature
of 250, 350 and 450°C. TEM microstructure (bright field
images) is depicted in Fig. 5. An evaluation gives the values
of mean grain size ~80 nm, ~110 nm and ~150 nm for
specimens heated up to 250, 350 and 450°C, respectively.
Unlike electrodeposited nanonickel there is normal grain
growth during annealing to the test temperature.

3.4. Power exponents

Differentiating of equation (1) and plotting functions

o b o 1000
Inf —|vs.In|—| and In| —|vs. —— (2
E d E T

From first equation (2) by plotting one can estimate
exponents p (Fig. 6a). For our experiments p equals
approximately 2.5, giving close value of 2 observed in
superplastic regime. Second equation is shown in Fig. 6b.
From slope stress exponent n=1/m ~0.2 can be estimated
suggesting that GB diffusion is controlling process and
Q=115 kJ/mol is activation energy for this process [16].

4. Concluding Remarks

Bulk ultrafine-grained nickel was successfully processed
by RT consolidation of rapid quenched ribbons using
high-pressure torsion. RQ nickel possesses equiaxed grain
structure with mean grain size of 1—2 pm showing well
defined grain boundaries. Upon HPT consolidation mean
grain size of ~0.2 um and high dislocation density have
been achieved. However, consolidated Ni specimens show
enhanced plasticity >140% at testing temperature of 450°C
and strain rate of 107 s”'. No superplastic regime has been
attained for given testing conditions.
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Fig. 6. Log(0/E) as function of inverse (a) grain size and (b) testing temperature (1/T).
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