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Nanocrystalline nickel foils with a grain size of ~12 nm are produced by pulsed current electrodeposition using a modified
Watts electrolytic bath. Saccharin, a sulfur-based organic compound, used as a grain refiner and stress reliever to produce
free-standing Ni foils. Nano-Ni tensile specimens displayed superplastic elongations (>400%) at high strain rate of 3x10" s™!
and relatively low temperature of 777 K. Tensile specimens with different gauge lengths and thicknesses exhibited significant
specimen size effect on maximum stress, elongation to failure and flow behavior under superplastic conditions. An increased
total elongation to failure with increasing the specimen thickness and decreasing the gauge length was observed in the elec-
trodeposited Ni foils. The stress-strain behavior of Ni changed from strain hardening to strain softening with increasing the
specimen thickness. Strain rate jump tests indicated a very high strain rate sensitivity index values (#~0.5—0.8) for nano-Ni
specimens at 777 K with a slight increased value of m with increasing the specimen thickness. The as-deposited nano-Ni
samples showed substantial grain growth during heating and deformation as well at the testing temperature of 777 K. Micro-
structural investigation revealed that the total number of grains across specimen thickness and the formation of oxide layer
during high temperature deformation can influence the superplasticity characteristics of nanocrystalline Ni.
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Brusinue pasmepa o6pasma Ha CBepXIUIacTUIECKOe TOBeIeHIe
3MEKTPOOCAKTEHHOTO HAHOKPUCTATUTMNIECKOTO HIUKEIS

[TyTem 37eKTpOOCKACHNA MY/IbCUPYIOIINM TOKOM B MOAMGUIVPOBAHHON 9IeKTPOIUTIYECKON BaHHE YOTTCA IOMTy4eHbI
(G OoBIY HAaHOKPUCTAUINYECKOTO HUKE/IA C Pa3MepoM 3epeH OKomo 12 HM. JI1f monydeHus OTHeNeHHBIX (OJIbI HUKEN,
M3MeNbYeHNA 3epPeH ¥ peTaKCaI[iy HalPsKeHUIT OBIIO MCTIONb30BAHO OPTaHNYECKOe BENleCTBO Ha OCHOBE CepHl - CaXapyH.
O6pasibl HAHO-HUKEIA IS PACTsKeHMA IIPOAEMOHCTPUPOBAIN CBepXIUIAaCTIYeCKe yaHeHys (Bbiie 400%) py BBICO-
Koit ckopoctu gepopmannu 3x10! ¢! u oTHOCKUTENBHO HU3KOY TeMieparype 777 K. O6pasubl i pacTsOKeHNs ¢ pasand-
HBIMU JJIMHaM¥ pabodux YacTell 1 TOMIIMHAMM II0Ka3a/Iy 3HAYMUTETbHOE BIMAHNE pa3Mepa 00paslioB Ha MaKCHMalbHOE
HaIpsDKeHMe, Y/IVMHEHNe /10 PaspyIIeHuA M XapaKTep TeYeHNUsA B yCIOBMAX CBepXIlacTMYHOCTU. Ha amexkTpoocakieH-
HBIX o6pasrax Ni Habmomanoch yBemmdeHne IOTHOTO YIIMHEHNA 10 Pa3pyIIeHNA C yBeMdeHeM TOJIIVHEI 06pasIioB 1
yMeHbLIeHeM pabodeli ;yMHbL. XapaKkTep KpUBOIl HanpshkeHye-fedopmanya Ni MSMeHWICA OT YIPOYHEeHNUA K Pa3ylnpod-
HEHUIO C YBeJIMYeHUEeM TOMIIMHBL 00pa31ioB. VICIBITaHNA CO CKaYKOM CKOPOCTH JieOopMalyy IIOKasaay O4eHb BBICOKMUIL
IIOKa3aTe/lb CKOPOCTHON 4yBCTBUTEeNbHOCTH (11~0.5—0.8) s o6pasnos HaHO-Ni npu 777 K ¢ He60/IbIIMM TOBBILIEHVEM
3HAYEHMA M C YBEMMYEHNEM TOMIMHBI 06pas1joB. O6pasIibl 57IeKTPOOCXKEHHOT0 HaHO-Ni IT0Ka3am CyniecTBeHHBIN pOCT
3epeH IIpy HarpeBe 1 feopMalnyi, a TakKe Ipu Temieparype ucubiTanuii of 777 K. MUKpOCTPYKTypHbIe MCCTIeOBaHUA
IIOKa3aJIi, 9YTO Ha XapaKTEePUCTUKY CBEPXIIACTMYHOCTY HAHOKPUCTA/INNYECKOTO Ni MOTYT BAMATD MOTHOE YUCIIO 3€PEH 10
TONMIHe 06pasiia 1 06pasoBaHMe OKCUTHOTO C/IOA TIPY BHICOKOTEMIIEPATYPHOI leopMariyt.

KnroueBbie c1oBa: CBEPXIUIACTUYIHOCTD, 3/IEKTPOOCAXKIEHNE, HaHOKpI/ICTaTIHI/I‘{eCKMI?[, HIUKEb, pasMeprHZ QCI)Q)CKT

1. Introduction terest for the past three decades because of their exceptional

and unusual physical, chemical and mechanical properties

Nanocrystalline (grain size, d<100 nm) and ultrafine-grained  [1—5]. Several methods have been developed to synthesize
(UFG, d<1 um) materials have been the areas of scientificin-  nanocrystalline and UFG materials; however, producing
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fully dense nanocrystalline materials in bulk form is quite
challenging. Severe plastic deformation (SPD) methods with
top-down approach have been very successful in producing
bulk materials with grain size down to 50 nm. Electrode-
position technique, one of the bottom-up approaches, can
also be used to produce fully dense bulk nanocrystalline and
UFG materials by manipulating chemical bath and electrical
energy supply.

The field of superplasticity has gained enough scientific
interest and technological importance as well. Typical su-
perplastic strain rates exhibited by conventional superplastic
metallic materials (d~1—10 pum) are usually in the range of
~10“*—107 s at temperatures greater than 0.5 Ty, (where
Ty, is the absolute melting temperature), but these strain
rates are quite low for any forming applications [6]. As the
strain rate of deformation is inversely proportional to the
grain size, the reduction of grain size below 1 um can lead to
an improved superplastic strain rates. In this context, nano-
crystalline and UFG materials are believed to be potential
superplastic materials to exhibit high strain rate (typically,
>107%s!) superplasticity [7,8]. Several studies confirmed that
electrodeposited nanocrystalline Ni, Ni alloys and Ni based
metal matrix composites are class of superplastic materials
which can exhibit extraordinary superplastic elongations,
>400% over a range of conventional to high strain rates
[9—13].

Specimen size effect is one of the external size effects
whichinfluence the mechanical properties of a polycrystalline
material. The specimen for uniaxial tensile testing contains
three basic dimensions such as length, width and thickness
of a gauge section, with the conventional gauge dimensions
in centimeters. Tensile testing of nanocrystalline and UFG
materials involves non-conventional specimen dimensions
because of the limitation of processing routes in obtaining
bulk materials. Several studies have examined the speci-
men size effect to validate the use of small specimens. There
were several reports on specimen size effect on strength and
ductility at room temperature [14—18]. There are a limited
data on specimen dimensions effect on superplastic behavior
[19—21]. Nevertheless, the research on size effect of me-
chanical properties is still going on. Since nanocrystalline
and UFG materials are potential materials for low tempera-
ture/high strain rate superplasticity, it is necessary to study
the specimen size effects on tensile properties of nano- and
UFG materials under superplastic conditions. It is impor-
tant to note that McFadden et al. [9] reported the elongation
to failure of ~890% in electrodeposited nano-Ni tensile spec-
imens having small gauge lengths of 1 mm. Since most stud-
ies indicated an increase in ductility with decreasing gauge
length, it is not clear whether the large ductility in nano-Ni
is related to the smaller gauge length. Moreover, unlike the
conventional superplastic materials the electrodeposited ma-
terials are foils with thickness less than 0.5 mm. Therefore, in
this present investigation, nanocrystalline Ni (nano-Ni) foils
of different thicknesses produced by pulsed electrodeposi-
tion are tested at elevated temperature to evaluate the effect
of specimen size in terms of thickness and gauge length on
superplastic deformation behavior. Detailed microstructural
investigation was conducted to assess the specimen size ef-
fect on superplastic strength and ductility of nano-Ni.

2. Experimental Procedure

Free-standing nanocrystalline Ni (d,~12 nm) foils were pro-
duced by pulsed electrodeposition using a modified Watts
bath as an electrolyte with saccharin as a grain refiner and a
stress reliever. Pulsed current electrodeposition route facili-
tates the use of high current densities for easy nanocrystal-
lization during short on-time period followed by zero cur-
rent off-time period cycle for replenishment of electrolyte
near substrate. Foils with a varying thickness ranging from
25 to 150 um were obtained by varying the time of deposi-
tion from 1 to 5 h. Additional details of chemical bath com-
position and deposition parameters used can be found else-
where [11]. Nanocrystalline nickel foils containing ~1000
ppm sulfur (obtained by addition of S-based organic com-
pound, saccharin) are used for the present investigation.

Electrical discharge machined and subsequently elec-
tropolished nanocrystalline Ni specimens with a gauge
width of 2 mm but with different gauge lengths (1-5 mm)
and thicknesses (17-120 pm) were tested in tension at a tem-
perature of 777 K and an initial strain rate of 3x10' s'. These
testing conditions, where nanocrystalline Ni displayed ex-
ceptional superplastic characteristics, were chosen based on
previous study [11]. Strain rate jump tests were performed at
777 K for determining the strain rate sensitivity index (m).
Additional details related to tensile specimen dimensions
and tension test procedure used can be found in [10,11].
Scanning electron microscopy (SEM) was carried out for ex-
amining the microstructure of specimens before and after
superplastic deformation.

3. Results

Tensile deformation data of electrodeposited nanocrystal-
line Ni foils are presented in two sub-sections, namely, speci-
men gauge length effect and specimen thickness effect for
examining the size effect on superplasticity characteristics.
Detailed microstructural investigation conducted on sam-
ples heated to test temperature and the specimens deformed
under superplasticity conditions is included for assessing the
reasons for the observed size effect.

(a) Specimen gauge length effect

Nanocrystalline Ni tensile specimens with four different
gauge lengths (L) of 5 mm, 2 mm, 1.5 mm and 1 mm were
tested at 777 K and at an initial strain rate of 3x10" s'. The
gauge width (b) and thickness (t,) were 2 mm and ~85 pm,
respectively. Figure 1 shows the effect of gauge length on
superplastic behavior of nano-Ni for the same initial strain
rates and test temperature. The nominal elongation to failure
and stress increased with decreasing the gauge length.
There was significant change in flow behavior with gauge
length. Specimens with smaller gauge lengths exhibited
nearly steady state flow whereas the specimen with
5 mm gauge length displayed flow softening. The present
study clearly shows that the superplastic behavior of
nanocrystalline and UFG materials is affected by the tensile
specimen size.

265



Prasad / Letters on materials 5 (3), 2015 pp. 264-268

80
= 4
o
£
0
0
q, -
=]

17
o
S
=
F 2 .
L,=5mm T=777TK
¢=3x10"s"]
, = ~85 pm
0....I....I....I....I....I....
0 500 1000 1500 2000 2500 3000

Elongation (%)

Fig. 1. A plot of nominal true stress-elongation showing the effect
of specimen gauge length on superplastic deformation of nano-Ni
tested at 777 K and 3x10" ..
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Fig. 2. True stress-elongation plot showing the effect of specimen
thickness on superplasticity of nano-Ni.
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Fig. 3. Variation of strain rate sensitivity (m) with strain for nano-Ni
specimens with different thicknesses.

Table 1. Mechanical properties and microstructural changes of
nano-Ni specimens with three different thicknesses tested at 777 K
and 3x10* s

Grain | Grain size after test

( b Omax f f ki aspect Grip Near tip
km) | (MPa) | (%) | (um) ratio | d_ (nm) | d  (nm)
17 60 400 9 1.3 540+10 | 680+30
36 50 840 13 1.4 560+20 | 850+40
120 40 1400 24 1.5 530+20 850+30

(b) Specimen thickness effect

Nanocrystalline Ni specimens with an initial gauge length
(L,) of 5 mm and width (b) of 2 mm but of three different
thicknesses (t,) ~17 um, 36 pm and 120 um were tested at
777 K with an initial strain rate of 3x10" s™'. Figure 2 shows
the effect of specimen thickness on superplastic behavior
of electrodeposited nano-Ni. Mechanical properties such
as the maximum stress (o, ) and elongation to failure (e)
for different specimen thicknesses are given in Table 1. The
nominal elongation to failure decreased but the strength in-
creased with decreasing the specimen thickness. There were
serrations in flow curves, but the onset strain for the serra-
tions increased with increasing the specimen thickness. The
flow behavior changed from strain softening to strain hard-
ening with decreasing the specimen thickness. The strain
rate sensitivity (m) of nano-Ni with different thicknesses
was measured by strain rate jump test between 2x10" s and
5x10" s at 777 K. Variation of m with strain for different
specimen thicknesses is shown in Fig. 3. It was noted that
nano-Ni exhibited a very high m values (0.5-0.8) at testing
conditions. And, the m value decreased slightly with de-
creasing specimen thickness and increasing strain.

(c) Microstructural investigation

Figure 4 shows the secondary electron micrographs of nano-
crystalline Ni sample heated to a test temperature of 777 K
(Fig. 4a) and also the micrographs of the tensile specimens
(near fracture tip) of three different thicknesses (Fig. 4b-c)
deformed at 777 K and 3x10" s'. The grain size of nano-Ni
sample heated to the test temperature of 777 K increased to
450+15 nm from the as-deposited grain size of ~12 nm. The
nano-Ni samples heated to the test temperature contained
significant volume fraction (~0.7%) of Ni,S, particles (en-
circled regions in Fig. 4a). There was substantial deforma-
tion-induced grain growth and cavitation in superplastically
deformed nano-Ni specimens. The final thickness (t,) of the
deformed specimen, the grain aspect ratio, and the grain size
at grip and near fracture tip of nano-Ni for different speci-
men thicknesses are reported in Table 1. It appeared to be
that except cavitation there were no remarkable changes
with variation in the specimen thickness.

There was significant oxidation of nano-Ni as the tensile
tests were conducted in air. Figure 5 shows fracture and sur-
face morphology of the nano-Ni specimen deformed at 777
K. Fig. 5a is a typical fracture surface of the nano-Ni specimen
deformed at superplastic temperatures and it reveals an inter-
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Fig. 4. Secondary electron micrographs of nano-Ni (a) heated to test
temperature of 777 K, and the tensile specimens with an initial thick-
ness of (b) 17 pm, (c) 36 pm and (d) 120 pm deformed at 777 K and
3x107 s

granular type failure. The SEM examination reveals the pres-
ence of oxide layer cracks on surfaces of the superplastically
deformed specimens (Fig. 5b—d). The thickness of oxide layer
was ~1-5 pm. It suggests that oxide layer can influence the de-
formation behavior of thin specimens at elevated temperatures.

4, Discussion

Tensile data at 777 K of nano-Ni with different gauge lengths
and thicknesses indicated significant specimen size effect on
superplastic behavior. The elongation to failure increased
with decreasing the gauge length and increasing the speci-
men thickness. The nominal true stress increased with de-
creasing specimen gauge length and thickness. The flow be-
havior changed from softening to hardening with reducing
specimen dimensions.

Dalla Torre et al. [14] reported an increased strength
and ductility in nano-Ni with grain size of ~16 nm at room
temperature by reducing the specimen gauge length from 20
mm to 3 mm. They attributed this behavior to the reduced
geometrical inhomogeneities due to the specimen cutting
process in a specimen with small gauge length. Zhao et al.
[15] studied the specimen thickness (0.25-2 mm) and gauge
length (1-10 mm) effect on flow behavior of copper at room
temperature. They observed an increased ductility with de-
creasing gauge length and increasing specimen thickness,
and this was ascribed to the increased post-necking elonga-
tion. Miyazaki et al. [17] studied the effect of ratio of speci-
men thickness to average grain size (t/d) on room temper-
ature flow behavior of Al and Cu alloys. An increased flow
stress with increasing specimen thickness (0.045-1.84 mm)
was observed below a critical t/d ratio; the critical t/d ratio
increased with decreasing the grain size. The critical t/d ra-
tio was found to be ~10-20. There are reports on specimen
size effect on superplastic behavior of materials at elevated

Fig. 5. Secondary electron micrographs of nano-Ni showing (a)
fracture surface, and the oxide layer cracks presence (normal to the
tensile axis as shown by arrows) on specimen along (b) thickness
and (c) width before polishing, and (d) the partially electropolished
surface of the tensile specimen deformed at 777 K and 3x10! s’..

temperatures [15—17]. All these studies showed an increased
elongation to failure with decreasing gauge length and in-
creasing specimen thickness. Based on experimental obser-
vations in a superplastic Pb-Sn alloy, Morrison [19] proposed
an empirical equation relating the elongation to failure (e)
with the strain rate sensitivity (m) and specimen geometry
(gauge diameter, d and length, L ):

9 x100 (1)

0

_ 2
ef—Cm

where C is a material constant. It is important to note that the
Morrison’s experiments were on large cylindrical specimens
(3—6 mm in diameter and 12-100 mm length). In contrast to
room temperature observations, Astanin et al. [21] reported
flow stress reduction with increasing the specimen thickness
in Al alloy under superplastic conditions (T~723 K).

The present specimen gauge length effect observations on
elongation to failure are consistent with the early reports of
enhanced ductility with decreasing the gauge length and it
could be related to the decreased specimen inhomogeneities.
It is important to note that the flow stresses are calculated on
the assumption of uniform elongation along gauge length, so
that the nominal true stress values may be different from ac-
tual flow stress values due to flow localization. The increased
ductility with increasing thickness of specimen could be re-
lated to an increased grain boundary sliding contribution to
total strain as t/d ratio increases and less interference of sur-
face oxide layer. It is important to note that at failure the t/d
ratio was in the range of 10-20 for the specimens with differ-
ent thicknesses. The surface morphology of the nano-Ni sam-
ple tested at 777 K showed the presence of oxide layer of ~1-5
pm thick. Wang et al. [22] studied the oxidation behavior of
nano-Ni with a grain size of ~40 nm using thermogravimetry
and reported strong oxidation of nano-Ni at temperatures
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> 500 K. Chan et al. [23] also reported static and dynamic
oxidation of nano-Ni in tension at temperatures > 673 K. The
fine grain size in nano-Ni can enhance the oxidation tenden-
cy even at low temperatures. These studies suggest that the
oxide layer formation on nano-Ni tensile specimens is inevi-
table at test temperatures >673 K. The oxide layer formed on
surface of the specimen can start influencing the properties
when the ratio of specimen thickness to oxide layer and the
t/d ratio decrease. During high temperature deformation the
brittle oxide layers can be broken and new surfaces can be ox-
idized again. The repetitive process of oxide layer formation
and breakage can be reflected as serrations in flow curves.

5. Conclusions

1. Electrodeposited nanocrystalline Ni exhibited an
increased maximum stress and elongation to failure with
decreasing the specimen gauge length. This could be related
to the reduced geometrical inhomogeneities and defects
concentration in smaller specimens.

2. There was an increased stress but decreased ductility in
nano-Ni with decreasing the specimen thickness. This can be
ascribed to the decreased grain boundary sliding contribu-
tion to total strain as the ratio of thickness to grain size de-
creases and also significant interference of surface oxide layer
in thin specimens.

3 Deformation-induced grain growth and an intergranu-
lar failure were observed in superplastically deformed nano-
crystalline Ni.
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