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a b s t r a c t

The mechanical behaviour under uniaxial and loading/unloading tensile tests of high purity nickel with
different number of grains across the thickness is studied experimentally. The specimens have a constant
500 �m thickness and the mean number of grains across the thickness (i.e., thickness “t” to grain size
ccepted 12 September 2008
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rain size
icrostructure

“d” ratio) lies between 0.9 and 15. An extended microstructural study is operated and no change of the
microstructure appears with a modification of t/d. The experimental results show that the t/d ratio affects
the hardening stages, flow stress, intragranular and intergranular backstress of the samples. For specimens
with few grains across the thickness, the flow stress is reduced due to a decrease in the intragranular
backstress. The main explanation of these results is a delay of the generalization of cross-slip for the
lowest t/d ratio specimens due to surface effects.

t
[

A
A
m
b
e
fl
r
l
i
o
w
o
p
w
e

c

all–Petch law

. Introduction

As a result of the trend of miniaturization on medical, electri-
al or mechanical devices, the industrial need for micrometal parts
as increased since 1990s. Today, thin films or plates are mass pro-
uced and processed. As the thickness is reduced, the free surfaces
nd the size effects become dominant and the continuum mechan-
cs validity may be lost. These three “size” effects: thickness (t) to
rain size (d) ratio, free surface and dimension effects are corre-
ated and difficult to analyse separately. Nevertheless, in order to
imulate the forming process accurately, appropriate models and
onstitutive laws for such small dimensions are of prime impor-
ance. Active experimental research on thin sheets is therefore
ecessary to understand the mechanical behaviour and to improve
he forming process and the reliability of such devices.

During 1960s, 1970s and 1980s, free surface and thickness
ffects were widely studied using mechanical tests and TEM inves-
igations on Cu and Al single crystals [1–8]. A decrease of stress
ear the free surfaces and a modification of the hardening stages
ith a reduction of the thickness for samples with no oxide surface
ayer were reported [1–7]. Mechanisms based on activated glide
ystems were also enounced [1,5]. The extension of the study on
olycrystals was difficult and only a few works deal with these size
ffects [9–13]. For polycrystals, it was found for Cu, Al and Ni that
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he free surfaces have a similar influence to that of single crystals
9,10,13].

The effect of the t/d ratio was first pointed out during 1960s by
rmstrong [14] and Thompson [15]. Since 1970s, several studies on
l and Cu have shown that mechanical properties of polycrystals are
odified by a decrease in the number of grains across the thickness

elow a critical value. This latter seems to depend on stacking fault
nergy and grain size [16]. The main feature is a decrease in the
ow stress for the lowest t/d ratio specimens [16–21]. It was also
eported that the critical t/d ratio for nickel depends on the strain
evel and that the Hall–Petch coefficients are modified when t/d
s lower than the critical value [22]. At the same time, due to the
ngoing demand of manufactured small devices, several studies
ere carried out on industrial alloys to investigate the t/d effect

n material processing [23–26]. A modification of the mechanical
roperties and a decrease of the formability of thin metal sheets
ith a decrease of t/d were found [23,26]. Results from both the

xperimental and processing communities are in agreement.
The common explanation for the modification of mechani-

al properties for samples with few grains across the thickness
s that surface grains are less constrained than core grains
15,16,18,19,23,24,27]. As the t/d ratio decreases, surface grains
ecome dominant and the overall mechanical behaviour is mod-
fied. However, the mechanisms responsible for the behaviour
ifference between surface and core grains have not been fully
escribed and still need more investigation.

In order to conclude about the t/d effect, special attention has
o be paid to the following features. First, the complexity of the

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:eric.hug@ensicaen.fr
dx.doi.org/10.1016/j.msea.2008.09.054
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Table 1
Example of six heat treatment conditions (time = 220 min) and the corresponding
mean grain size, standard deviation for the mean grain size and the number of grains
across the thickness.

Temperature (K) Grain size (�m) Sdev (�m) t/d

873 40 25 12.5
1073 83 45 6.1
1123 130 76 3.8
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icrostructure giving rise to various deformation mechanisms
ould bias our understanding of the mechanisms occurring with

decrease of t/d. Choosing a simple face centred cubic metal
ith high stacking fault energy is therefore suitable for an eas-

er interpretation. In such metals, the deformation mechanisms are
nderstood. Secondly, an extensive investigation of the microstruc-
ure is necessary. As pointed out recently by Janssen et al. [18],
reparing specimens with different t/d ratios induces a serious risk
f differences occuring in crystallographic texture and oxide layer
ormation. These differences may cause serious modifications of
he mechanical properties which can impede the analysis of the
ize effects. For example, Nemat-Nasser et al. [28] reported numer-
cally different stress levels for specimens with a variation of the
rain orientation across the thickness. Thirdly, the different size
ffects described above have to be studied separately. In some stud-
es, the t/d ratio is varied by a modification of the thickness and the
rain size jointly, making the separation of the two effects difficult.

The purpose of this paper is first to study the t/d ratio effect
n high purity nickel (99.98%). Nickel has a high stacking fault
nergy (125 mJ/m2) intermediate between aluminium (135 mJ/m2)
nd copper (45 mJ/m2). Comparisons with these latter can there-
ore shed light on the t/d effect. The second objective is to carry out
n extended study of nickel microstructure as a function of grain
ize and t/d ratio in order to exclude any effect of this latter on
he mechanical behaviour. Thirdly, the aim is to try to decorrelate
he grain size and t/d ratio effects on the mechanical behaviour by
tudying the modification of Hall–Petch law for specimens of con-
tant thickness. So the overall ambition is to propose a mechanism
esponsible for the decrease of the flow stress for specimens with
ew grains across the thickness.

. Material study and experimental procedure

.1. Specimen elaboration

Dog bone shape samples of nickel were machined from 0.5-mm
olled sheets for tensile test experiments. The specimens were cut
arallel to the original rolling direction of the sheets with gauge
imensions of 70 mm in length and 12 mm in width.

Different grain sizes were required to vary the number of grains
cross the thickness (this latter being kept constant to 0.5 mm).
he samples were annealed in secondary vacuum during 220 min
t temperatures between 873 K and 1323 K and then air cooled to
odify the grain size. The use of secondary vacuum during the heat

reatment is very important for surface effect considerations. The
resence of an oxide layer on the surface was found to prevent dislo-
ation escape through the surface [8]. The mechanical behaviour is
herefore modified by the formation of a hard layer near the surface
s shown particulary for Al [8]. In this study, using secondary vac-
um with a partial pressure of O2 of 2 × 10−11 bar, no oxide layer was
ound on nickel samples after the heat treatment. Furthermore, the
utting process induces a modification of the microstructure near
he cut edges which can lead to a processing induce size effect [29].
he secondary recrystallization event which takes place during the
eat treatment allows the annihilation of the affected microstruc-
ure near the cut edges and homogenises the latter, especially for
he high temperature treatments.

.2. Specimen characterization
Mean grain size, crystallographic texture, elastic properties and
rain boundary character distribution were analysed.

The mean grain size was calculated by numerical treatment of
urface images of the sample. The surface was first electropolished

c
C
c

t

1198 160 90 3.1
1223 200 119 2.5
1323 500 244 1

A2 Struers® electrolyte) and chemically etched by a Marble solu-
ion (ethanol + HCl + CuSO4). Secondly, an image analysis reported
he mean area for each grain of the sample. A mean volumetric
rain size is therefore calculated from all the surface grains ranging
etween 33 �m and 530 �m. No differentiation between surface
rain size and volumetric grain size was applied. The surface grain
ize definition is appropriate for samples with less than one grain
cross the thickness [18]. In this study, the samples have at least
ne grain across the thickness with generally only one free surface.
onsequently, in order to simplify the grain size formulation, we
ave used a volumetric grain size for all samples. A typical stan-
ard deviation for the grain size around half this latter was found
or each specimen. A large standard deviation value is expected
o modify the mechanical behaviour of specimens exhibiting a
rain size lower than 2 �m, as numerically shown by Berbenni et
l. [30]. For larger grain sizes, this effect is considerably reduced.
n consequence, we assume that for all the specimens, the stan-
ard deviation has no influence on the mechanical properties.
he number of grains across the thickness varies from 0.9 to 15.
able 1 reports an example of six heat treatment conditions and
he obtained grain size, standard deviation (Sdev) for the grain size
nd the t/d ratio.

Quantitative texture analysis was followed as a function of the
ean grain size using neutron diffraction. Measurements were car-

ied out using the eulerian cradle of the D1B instrument at the ILL
eactor (Grenoble-France). Full diagrams in the 20–100 2� range
ere acquired using the curved position sensitive detector, for

he 1368 sample orientations corresponding to a regular 5◦ × 5◦

exture grid in � and ϕ. Each diagram was measured for 4 s at
� = 0.2523 nm wavelength. Neutron diffraction was used rather

han X-ray diffraction as the number of probed grains is higher
around 30,000 grains for the largest mean grain size with neu-
ron diffraction vs. 300 with X-ray diffraction). Nickel samples for
eutron diffraction were prepared by gluing 1 cm × 1 cm plates

rom the original specimens in order to obtain 1 cm edge cubes.
uring this step, the main rolling directions were kept parallel
etween square slabs. The orientation distribution function (ODF)
as refined using the E-WIMV algorithm from LeBail extracted
ole figures within the combined analysis formalism [31] as imple-
ented in the Maud software [32]. The ODF was used to reconstruct

ormalised main pole figures and are expressed in multiples of a
andom distribution (m.r.d. unit). The {1 1 1}, {2 0 0} and {2 2 0}
ecalculated pole figures for three different grain sizes are given in
ig. 1. For all specimens, the crystallographic texture looks similar
ith a maximal density lower than 2 m.r.d.

The macroscopic stiffness tensor of the samples was calculated
rom the ODF using the geometric approach [33] using Beartex soft-
are [34]. The stiffness tensor of the single crystal used in the
alculation was: C11 = C22 = C33 = 248 GPa; C12 = C13 = C23 = 153 GPa;
44 = C55 = C66 = 116 GPa [35]. Table 2 reports the stiffness tensor
omponents of the sample for five grain sizes.

Despite a difference in the number of grains across the thickness,
he components of the macroscopic stiffness tensor are rather con-
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aries was found to modify the mechanical properties of Ni and
Fe-based alloys [37,38]. The fraction of �3, �9 and random grain
boundaries was studied by EBSD on a scanning electron microscope
using the TexSem laboratory software. Fig. 2 shows the fraction of

Table 3
Mean grain size and elastic properties for five samples.

Grain size (�m) � (GPa) E (GPa) � A

T
M

G

1

2

Fig. 1. Normalised {1 1 1}, {2 0 0} and {2 2 0} pole figures for three samples: (a) d

tant. Table 3 gives the Young (E) and shear modulus (�), Poisson’s
atio (�) and the elastic anisotropy coefficient (A = 2C44/(C11 − C12))
alculated from the macroscopic stiffness tensor with the cubic
ymmetry assumption for five grain sizes.

The elastic properties of the five samples are constant, in accor-
ance with the experimental values found for nickel. Moreover
ll the samples are isotropic as A is close to unity (A is equal to
.5 for nickel single crystal). The crystallographic texture is there-
ore assumed not to be affected by grain size variation as already
eported for copper polycrystals in [36]. The weak difference of
ole figures and maximal density pole between the specimens is
xpected to have no influence on the mechanical properties as
he macroscopic stiffness tensor and elastic properties are con-
tant. These results show that unstrained surface grains and core

rains (respectively, mainly analysed for samples of 200 �m and
0 �m grain size) have the same crystallographic orientation. Con-
equently, the same Schmid factors can be expected wherever the
ocation of the grain in the sample and thus the same strengthening
ehaviour. No size effect due to a difference between the crystallo-

1

2

able 2
ean grain size and macroscopic stiffness tensor for five samples.

rain size (�m) C11 = C22 = C33 (GPa) C12 = C13 = C23 (GPa

40 292.67 130.66
80 293.64 130.17
20 294.17 129.92

160 293.95 130.02
20 294.76 129.61
m; (b) d = 120 �m; (c) d = 220 �m; recalculated from neutron diffraction datas.

raphic texture of the core and the surface grains can take place as
eported in Ref. [28].

Grain boundary character distribution was also studied in order
o measure the proportion of low-� CSL (coincident site lattice)
oundaries. The fraction of the latter and especially the �3 bound-
40 81.27 212.50 0.31 1.01
80 80.78 211.62 0.31 1.00
20 80.53 211.12 0.31 0.99

160 80.64 211.33 0.31 0.99
20 80.26 210.62 0.31 0.98

) C44 = C55 = C66 (GPa) Others components (GPa)

81.28 0.02
80.78 −0.01
80.53 −0.05
80.64 −0.10
80.27 −0.06
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ig. 2. Fraction of �3, �9 and random grain boundaries for three grain sizes mea-
ured by EBSD.

he three grain boundaries for three grain sizes for unstrained sam-
les. The “random” and �3 boundaries are the major components
hile �9 boundaries are for all purpose absent. However, there is no

vidence of correlation between the grain size and the proportion
f low-� CSL.

.3. Tensile test description

The overall mechanical behaviour of the samples was first char-
cterized in monotonous tensile conditions. The test was strain rate
ontrolled at a strain rate of 2.4 × 10−4 s−1 and the strain measure-
ent was achieved by a classical extensometer mounted directly

n the gauge section of the samples. A total of 80 tensile tests were
arried out. Experimental standard deviation was estimated on 45
xperimental tensile tests among them.

Loading/unloading tensile tests were then carried out in order
o study the effect of the t/d ratio on strengthening. The flow stress
an be divided into two parts according to Dickson et al. [39],
amely the effective stress (	eff) and the backstress (X). Physically,
he backstress is linked to the local straining process which intro-
uces long-range interactions with mobile dislocations (i.e., grain
oundaries, dislocation cells, etc.). The backstress is a directional
omponent of hardening. The effective stress, which is an isotropic
omponent of hardening, represents the stress locally required for a

islocation under short-range interaction to move (i.e., dislocation
orest interactions, coherent precipitates, etc.) [40].

These components can be obtained by studying the hysteresis
oops created during the loading/unloading tests. Fig. 3 represents
he details of one unload/load sequence extracted from a global

Fig. 3. Flow stress partition during unloading.
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Fig. 4. Typical stress–strain curves for three specimens: t/d = 0.9, 5 and 14.

nloading/loading stress–strain curve. The stress partition can be
xpressed by the following relations [40]:

eff = 	 − 	r

2
+ 	∗

2
(1)

= 	 − 	eff (2)

ith 	r the reverse yield stress and 	* the thermally activated
art of the effective stress. The most important factor to make
his stress partition reliable is a high unloading speed acting as a

echanic quench which prevents a reorganization of the disloca-
ion structures. 	* was obtained thanks to stress relaxation reaching
stabilization of the 	* value with time before unloading (see Fig. 3).
owever, the determination of the two components of the flow

tress by loading/unloading tests is quite difficult. The value of X
nd 	eff are thus given with an accuracy of 10%.

. Mechanical results

.1. Effect of the t/d ratio on the hardening behaviour

Fig. 4 shows the typical stress–strain curves of a tensile test for
hree samples with different t/d ratios: 0.9, 5 and 14. These three
amples represent, respectively a low, an intermediate and a high
/d ratio specimen. The difference of flow stress level between the
hree specimens is due to both grain size and t/d ratio effects.

For metallic samples, strain hardening results from the evolution
f the dislocation density with strain. According to previous works,
he stress can be classically written as a function of the dislocation
ensity 
 [41,42]:

= M˛�b
√


 (3)

ere, M is the Taylor factor, b is the Burger’s vector, � is the shear
odulus and ˛ is a material parameter taking into account the dis-

ocation arrangement. The evolution rate of the dislocation density
ith strain has been described as being composed of two main
arts [42–44]:

d


dε
= M

√



ˇb
− 2MPy


b
(4)

he first term of the right hand side is related to the athermal stor-
ge of mobile dislocations which become immobilized after having
ravelled a distance proportional to the average slip spacing. The

econd term is associated with the annihilation of dislocations due
o cross-slip during dynamic recovery [43,45]. ˇ represents the
atio between the mean free path of gliding dislocations and the
verage dislocation distance and P is a probability that two disloca-
ions annihilate each other when they are separated by a distance
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inally describes the grain size dependence on the stress and has
been extended for higher strain levels [17,40,42,46]:

	(ε) = 	0(ε) + khp(ε)√
d

(6)
ig. 5. (a) Evolution of the relation 	� vs. 	 for Cu polycrystals for three temperatures
41] and (b) evolution of the relation 	� vs. 	 for three nickel polycrystals with 0.9, 5
nd 14 grains across the thickness. All the stresses are normalized by the yield stress
e.

. The value of this annihilation distance can be obtained by TEM
nvestigations [43].

Combining Eqs. (3) and (4), the product 	d	/dε can be
xpressed as

d	

dε
= ˛�M2

2ˇ
	 + f (	, P, y, 
) (5)

he second term of the right hand side of Eq. (5) is present with the
ctivation of cross-slip in the material.

The plot of 	� with � = d	/dε as a function of stress is therefore
uitable to study the different hardening stages of polycrystalline
amples [41]. Fig. 5(a) represents a plot of 	� vs. 	 for a copper
olycrystal for three temperatures (from Ref. [41]). The three com-
on hardening stages for polycrystals are exhibited for 77 K. Stage I

orresponds to microplasticity. During this stage, plasticity is estab-
ished from grain to grain until a homogeneous state is reached. The
econd stage is characterised by a linear variation of 	� as the sec-
nd term in Eq. (5) disappears (during stage II, cross-slip is expected
o have a reduced activity [41,45]). The third stage begins with a
eviation from the linearity portion of the curve due to the negative
ontribution on strain hardening of the dynamic recovery.

Fig. 5(b) shows the 	� vs. 	 curves for the three Ni samples
ith t/d = 0.9, 5 and 14. In order to compare the length of the stages
etween the three specimens, all stress values were normalised by
he yield stress 	e (stress for ε = 0.002) of each sample. For t/d = 5
nd 14, the second stage is reached approximately within the yield
tress. For t/d = 1, as the number of grains is reduced compared to
he other samples, the homogenisation of plasticity is faster. Exper-

F
e
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mentally, stage I is therefore difficult to visualise in Fig. 5(b) and
he second stage is reached for lower stress.

Fig. 6(a and b) shows, respectively the strain length �εII (strain
ange for which stage II occurs) and the hardening rate �II of the
econd stage vs. the t/d ratio.

As seen in Fig. 6(a), the second stage adopts asymptotic
ehaviour for the samples with more than four grains across the
hickness as no linear portion of the curve has been found. For spec-
mens with less than four grains across the thickness, the length of
he second stage increases with a decrease of t/d. For the sample
ith only one grain across the thickness, the second stage reaches
length �εII of 3%.

The hardening rate in stage II (Fig. 6(b)) slightly decreases with
/d. This results from the grain size effect as previously reported
y Feaugas and Haddou [40]. For specimens with t/d higher than
, the hardening rate was taken as being equal to the slope of the
symptote of the curve 	� vs. 	 after the first stage. The mean value
or �II is around 2100 MPa. This value is around half the value of
/200 in resolved shear stress and strain found for single crystals

dividing �II by M2 with a value for M, the Taylor factor, of 3 found
y EBSD analysis). This value is in agreement with the usual value
eported for polycrystals (�/200) [42,44].

.2. Hall and Petch behaviour

In order to differentiate the grain size effect and the t/d ratio
ffect from the overall size effect seen in Fig. 4,	, 	eff and X have
een plotted as a function of the inverse of the square root of the
rain size. The well known Hall and Petch (HP) formulation orig-
ig. 6. (a) Evolution of the strain length of the second hardening stage and (b)
volution of the hardening rate �II of the second stage vs. t/d.
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stress is not affected by a variation of the number of grains across
the thickness, the decrease of the flow stress 	 must be caused by
a decrease of the long-range backstress. Despite the presence of
only a few experimental points, this feature is confirmed by the
examination of Fig. 8(c) which shows a decrease of the backstress
ig. 7. Hall–Petch relation for a strain of 0.015 applied to (a) 	, (b) 	eff and (c) X.
pecimen t/d ratio is represented in brackets.

here 	0(ε) and khp(ε) are material empirical constants which
epend on strain. This relationship was found to represent correctly
he grain size dependence of the effective stress and long-range
ackstress for nickel and stainless-steel AISI 316 L [40]:

(ε) = Xint ra(ε) + Xint er(ε) = X0(ε) + kX (ε)√
d

(7)

eff(ε) = 	eff0 (ε) + keff(ε)√
d

(8)

he application of the HP law split the backstress into two

omponents: the intragranular backstress Xintra = X0(ε) and the
ntergranular one Xinter = kX (ε)/

√
d. The intragranular backstress

s linked to the dislocation structures in the grains while the
ntergranular backstress is related to the strain incompatibilities
etween the different grains. Xinter is grain size dependent in oppo-

F
S
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ition to Xintra which is, at first glance, not sensitive to the grain size
40].

The application of the relations (6), (7) and (8) for strains of
.015 and 0.08 is presented, respectively in Figs. 7(a) and 8(a) for 	,
igs. 7(b) and 8(b) for 	eff and Figs. 7(c) and 8(c) for X.

For a strain of 0.015 (Fig. 7), the HP relation represents correctly
he grain size dependence of the stress components. The overall size
ffect seen for this amount of strain is therefore dominated by the
rain size effect. For a strain of 0.08 (Fig. 8), 	 exhibits two distinct
tages, delimited by a t/d ratio of 3.3. The presence of these two
tages for the flow stress has been found to result from a t/d ratio
ffect [22]. As shown in Fig. 8(b), 	eff is unambiguously unchanged
y a decrease of t/d as no different slopes appear. As the effective
ig. 8. Hall–Petch relation for a strain of 0.08 applied to (a) 	, (b) 	eff and (c) X.
pecimen t/d ratio is represented in brackets.
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ig. 9. Evolution of the intergranular backstress with strain for two 200 �m grain s
omputed using Eq. (7) and HP plots as Figs. 7(c) and 8(c) for strains ranging betwe

or specimens with less than around three grains across the thick-
ess. For samples with a t/d ratio lower than 3, the intragranular
art of the backstress X0 is lower (X0L) than for higher t/d ratio
pecimens (X0H). Bearing in mind that Xinter = kX (ε)/

√
d, the inter-

ranular part of the backstress is also increased as the slope of
ig. 8(c) (kX) increases with a decrease of t/d.

. Discussion

With a reduction of the t/d ratio, both the hardening stages and
ackstress are modified in polycrystalline nickel. This modification
ppears when the number of grains across the thickness is lower
han a critical value which depends, for Ni, on the amount of strain
s previously reported [22].

Despite numerous studies dedicated to the specimen size effect,
he mechanisms associated with the t/d ratio effect remains
nclear. In a recent work, Janssen et al. emphasize that the overall
hange of the mechanical behaviour could be due to a variation of
he microstructure like crystallographic texture or oxide layer for-

ation with a reduction of the t/d ratio [18]. The microstructure and
exture for our samples are very similar as no significant change in
he crystallographic texture, elastic properties and grain boundary
haracter distribution was found when the t/d ratio became lower
han 4. Other mechanisms are thus responsible for the modification
f the mechanical properties.

For Al and Cu single crystals with no oxide layer on the surfaces,
he presence of a stress gradient between the surface and the core
f the specimen was reported [1–7]. This gradient was attributed to
he escape of primary dislocations through the free surfaces. Conse-
uently, the dislocation density near the free surfaces is lower and
he formation of heterogeneous dislocation structures is delayed
ompared to the core of the sample [1–5]. For a single crystal
riented for single glide, strained up to 0.05, it was shown that

he surface region deforms in stage I in single glide, while the
ore region deforms in stage II with multiple slip. Macroscopically,
his difference in the hardening stages between the surface and
ore regions results in a modification of the strain range for the
rst and second hardening stages with a decrease of the specimen

c
t

t
t

mples, one t/d = 2.5 (open circles) and the other for t/d > 5 (plain circles). Xinter was
nd 0.18.

imensions [1,7]. As the dimensions are reduced, the surface region
ecomes dominant over the core region.

The increase in the strain length of the second hardening stage
or Ni with a decrease of t/d (Fig. 6(a)) below the critical value
uggests similar mechanisms.

The hardening stages for fcc metallic polycrystals are related
o the activated gliding systems in the material. The first stage is
haracterised by the activation of primary {1 1 1} 〈1 1 0〉 gliding
ystems. The second stage is generally associated with the acti-
ation of primary and secondary systems and a few cross-slips
40,45]. The multiple gliding systems induce the formation of het-
rogeneous dislocation structures like tangles, walls or cells. These
tructures are responsible for an increase in the intragranular back-
tress. The third stage is related to the generalization of cross-slip
n the material and the dominance of dislocation cells in the grains.
uring the second and the third stages, the activation of cross-slip

educes the intergranular backstress as reported in [40].
The delay of the activation of the third hardening stage for

he low t/d ratio Ni polycrystals could result from the hold of
he generalization of the cross-slip activity in the material. Fig. 9
onfirms this mechanism. This figure shows the evolution of the
ntergranular backstress with strain for two samples with a mean
rain size of 200 �m but with low and high t/d ratio values. This
lot was constructed by the examination of the kX coefficients
Xinter = kX (ε)/

√
d) of the Hall–Petch plots for the backstress for

trains between 0.01 and 0.18.
The first curve (open circles) is derived from the slope of the first

tage of the backstress HP plot (kXL) for a sample with 2.5 grains
cross the thickness and a total thickness of 0.5 mm. The second
urve (plain circles) derives from the slope of the second stage of
he backstress HP plot (kXH) extrapolated for the higher grain sizes
s no samples with large grain sizes and high t/d ratios were tested.
his extrapolation for Ni is valid if the t/d ratio is higher than the

ritical value [46]. The second sample is then assumed to have more
han five grains across the thickness.

For a strain higher than 0.02, the intergranular backstress of the
hicker sample is relaxed by the generalization of cross-slip. For the
hinner sample, Xinter still increases for strains up to 0.05 and then
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ecreases. This strain hold of 0.03 for the generalization of cross-
lip for the thinner sample is in agreement with the difference in
train length of the second hardening stage between a sample with
/d = 2.5 and a sample with t/d > 5 (Fig. 6(a)).

Furthermore, the t/d ratio also affects the intragranular
ackstress. As cross-slip is activated later, the formation of het-
rogeneous dislocation structures for the lower t/d ratio samples
s supposed to be delayed compared with the high t/d ratio speci-

ens. The intragranular backstress, Xintra, is then reduced [47] for
he lowest t/d ratio specimens, as shown in Fig. 8(c).

This decrease of intragranular backstress is in accordance with
revious TEM and etching investigations of dislocation structures
n core and surface grains of Cu and Ni solicited in uniaxial tension
13,16], and HSLA steel polycrystals loaded in low cycle fatigue [48].
t was reported that the dislocation arrangement is more hetero-
eneous for core grains than for surface grains. This difference of
islocation structures between surface and core grains involves a
odification of intragranular backstress. As the number of grains

cross the thickness is reduced, the surface grains are predominant
nd the intragranular backstress of the entire sample decreases.
his change of the magnitude of the flow stress for low t/d ratio
pecimens is therefore due to the loss of intragranular backstress,
s this component of the backstress is dominant for strains larger
han a few percent.

Nevertheless, the origin of the cross-slip delay remains
nknown. Several authors conclude from TEM investigations or
umerical simulations that in polycrystals, surface grains accom-
odate strain by single glide for a longer time than core grains

9,48,49]. The activation of multiple and cross-slip is hence delayed
or surface grains. These features were attributed to the presence
f free surfaces. The delay in the generalization of cross-slip found
xperimentally for nickel samples with a few grains across the
hickness seems to result from the surface effects. Despite a rel-
tively high thickness (0.5 mm), nickel samples are sensitive to the
resence of free surfaces when less than approximately four grains
cross the thickness are present.

This mechanism is in agreement with Janssen et al. who assessed
or Al specimens with few grains across the thickness that the stress
ecrease is due to a reduction of the proportion of horizontal grain
oundaries [18]. As all microstructural aspects are constant for the
ifferent Ni samples, only the variation of the proportion of the
orizontal grain boundaries can be responsible for the behaviour
odification. This kind of grain boundaries may prevent the exten-

ion of surface effect in the core regions of the material.
In order to confirm this mechanism of the modification of hard-

ning behaviour, TEM investigations of dislocation structures in
ickel as a function of the t/d ratio and the distance to the free
urface are in progress. The objective is to confirm the difference
f intragranular and intergranular backstress between low and
igh t/d ratio specimens by studying the heterogeneous dislocation
tructures.

. Conclusion

A physical mechanism is proposed to explain the modification
f the mechanical properties of Ni polycrystalline samples with
ew grains across the thickness. Following microstructural studies
nd experimental results on uniaxial and loading/unloading tensile
ests, a reduction of the t/d ratio below the critical value induces the
ollowing features:
1. The initial microstructure of nickel samples is not modified.
Crystallographic texture, elastic properties and grain boundary
character distribution remain insignificantly unchanged.

[
[

[
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. A linear hardening stage (stage II) appears on the strengthening
curves of the material. The strain length of this stage increases
with a decrease in t/d.

. The intragranular backstress, related to the heterogeneous dis-
locations structures, decreases. The intergranular part of the
backstress increases.

hese features can be explained by a delay of the generalization
f cross-slip due to surface effects for specimens with few grains
cross the thickness. The decrease of stress generally found with a
eduction of the number of grains across the thickness is therefore
ainly due to a reduction of intragranular backstress. The evolu-

ion of the critical t/d ratio with strain can be also explained by the
ross-slip delay. These results are of prime interest for rolled thin
lms, widely used for micro-components, which generally have few
rains across the thickness.
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