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Abstract

The mechanical behaviour of face centered cubic metals is deeply affected when
specimen dimensions decrease from a few millimeters to a few micrometers. At room
temperature, a critical thickness (7) to grain size (d) ratio (#/d). was previously
highlighted, under which the softening of mechanical properties became very
pronounced both in terms of Hall-Petch relation and work hardening mechanisms. In
this work, new experimental results are provided concerning the influence of
temperature on this size effect for copper, nickel and Ni-20wt.%Cr, representative of a
wide range of deformation mechanisms (i.e. dislocation slip character). It is shown that
multicrystalline samples (#/d < (1/d).) are not deeply affected by an increase in
temperature, independently of the planar or wavy character of dislocation glide. For
pronounced wavy slip character metals, surface effects in polycrystals (¢/d = (1/d).) are
not significant enough to reduce the gap between polycrystal and multicrystal

mechanical behaviour when the temperature increases. However, a transition from wavy



slip to planar glide mechanisms induces a modification of the polycrystalline behaviour
which tends toward multicrystalline one with a moderate increase in temperature, This
work demonstrates that surface effects and grain size influence can be successfully
disassociated for the three studied materials using an analysis supported by the Kocks-
Mecking formalism. All these results are supported by microscopic investigations of
dislocation substructures and compared to numerical simulations using a stress gradient

plasticity model.

Keywords: Size effects; Thermomechanical behaviour; Plasticity; Face centered cubic

materials; Dislocations substructures; Strain gradient plasticity model

1. Introduction

Designing small technical systems often means dealing with confined plasticity at scales
below 10°* m, which requires additional knowledge of the material work hardening
properties. At macroscopic scale, for instance, micro-components working with metallic
parts of typical dimensions in the range [1-500] um are often processed by traditional
ways: forging, rolling or extrusion processes [1]. For these forming processes, it is
necessary to take into account the size effects [2] to correctly predict the force, the
geometry, and the appearance of fracture or necking [3, 4]. However, the strong
variability of the mechanical responses to the external loadings can imply a lack of
reliability of these micro-systems [5]. This may lead to an early or unexpected failure

due to the development of damage consecutive to their forming process [3, 6, 7].



Previous works have clearly shown a so-called “smaller is softer” trend for samples
with critical dimensions in the range of 1 to 500 pm [8-12], triggered by the v/d
parameter (i.e. the thickness {¢) to grain size () ratic). When this parameter decreases,
the flow stress, the hardening behaviour and the fracture strain of face centered cubic
(fcc) metals are strongly modified as reported by numerous researchers both in terms of
experimental studies [9-11, 13-15] and numerical simulations {4, 16). This modification
is observed either by changing grain size for constant thickness (deviation from the
Hall-Petch relation for the larger grain size levels [17]) or by modifying the thickness
for constant grain size [12, 18]. Three kinds of mechanical behaviour have been
highlighted for fce structure when the #/4d ratio is reduced: polycrystalline,
multicrystalline and quasi-single crystalline [17], separated by two critical #/d ratios [9].
The typical value (#/d). separating the polycrystalline behaviour from the
multycristalline one reported in the literature ranges between 3 and 15, mainly
depending on the stacking-fault energy. The second critical #/d ratio separating the

multicrystalline from the quasi-singie crystalline behaviour is close to the unity.

The physical origin of this softening effect can be found in the surface effects occuring
in multicrystalline samples during the strengthening, These surface effects involve a
stress gradient between core and surface grains of around 30%, directly linked to the
different mean dislocation cell size observed in these two regions, especially during the
second work hardening stage for samples with #d lower than (#/d). [19]. Activating
cross-slip mechanisms in the third work hardening stage leads to a progressive decrease
of these stress gradient effects and therefore materials become less sensitive to size

effects.



The transition from a polycrystalline to a quasi-single crystalline state modifies both
mechanical behaviour and forming ability [20-23]. In order to improve the formability
of micro components in the dimension range | 1-500] pm, a moderate modification in
temperature could be an interesting option. However, very few experimental data are
available in literature concerning size effects and temperature. Eichenhueller and co-
workers [24] studied the microforming of brass and stainless steel microparts from
room temperature up to 673 K. They ciearly show a homogenizing effect of the
temperature on the main parameters of microforming processes as upsetting or
extrusion. In a recent study devoted to copper for two extreme #/d values [25], one
higher and the other below the critical value (#/d}., we reported that polycrystalline
sample behaviour tends toward multicrystalline one with a moderate increase in
temperature, approximately above a value of 373 K. These experimental results were
correlated to the progressive predominance of the third work hardening stage and
associated dislocation cross-slip. The origin of this phenomenon remains nevertheless
unclear, Indeed, two mechanisms could be responsible for this observation: (i) a
modification of the grain size dependence with a change in temperature, and (ii) a
progressive generalization of surface effects in the entire volume of the samples even

for polycrystalline samples. These two mechanisms may also act simultaneously.

The objective of this paper is, hence, to contribute to the understanding of the
temperature dependence of the size effects in low dimension metallic samples. The
contribution of the two mechanisms cited above will be analyzed for a large range of
temperature and #/d values, Experimental results concerning size effects ina
temperature range from 203 K to 773 K are presented for nickel, copper and Ni-

20wt.%Cr alloy characterized by different slip character. The Hall-Petch relation, the



strain hardening and the free surface influence are experimentally investigated using a
work hardening formalism based on Kocks-Mecking works which help to disassociate
the grain size and surface effects. The discussion of these results is supported by two
complementary tools. From a microstructural point of view, Transmission Electron
Microscopy (TEM) observations are performed in order to quantify the dislocation
substructures which develop during the plastic straining in temperature. From a
predictive point of view, the physical mechanisms as dislocation glide ot stress gradient
localization across the thickness are studied by numerical simulations using a previously
described single crystal strain gradient plasticity modei {26]. The evolution of the size
effects in fcc materials with temperature will finally be correlated with the

corresponding deformation mechanisms (wavy or planar slip character).

2. Experimental procedures and numerical tools

2.1. Material description, samples preparation and microstructural analysis

In this study, three distinct metals were employed: high purity polycrystalline nickel and
copper (purity > 99.98 wt%) and polycrystalline Ni-20%wt.Cr. These three metals are
used in small mechanical parts in biomedical or electronic devices for instance. The
values of the stacking fault energy g (obtained from fiterature) of each metal are
summarized in Table 1. The slip character of the material is linked to the stacking fault
energy through the ratio gy / b’ (s the shear modulus and & the modulus of the
Burger vector of dislocations) which is inversely proportional to the dissociation
distance between two dislocations. Cross-slip is then easily activated for materials with

large values of gp / utb? whereas planar slip metals are characterized by corresponding



low values. The values of this ratio for Ni, Cu and Ni-20%wt.Cr are indicated in Table
1. Cross-slip is then easy for nickel, involving wavy slip character whereas planar slip is
dominant for Ni-20wt%.Cr. Copper presents intermediate value of g / ub’ ensuring

deformation mechanisms with cross-slip.

Table 1. For the three materials studied: stacking fault energy gy, relative ratio of stacking fault
energy gr/ b (u: shear modulus, b; Burgers vector modulus), thickness range of the samples,
thickness (/) over grain size (d) ratio corresponding spectrum and references to previous works

for more details concerning experimental methods {27, 281

O an/ 1’| Thickness | #/d range Previous works

(ml/m?) | (um™) | range (um)

Nickel 125® 28.25 | 12.5-3200 1-12.5 [10]
Copper 45% 16.4 500 0.9-25 [25]
Ni-20wt.%Cr | 42® 8.33 100 - 1600 | 0.5-49 [29]

®@ following Meyer and Lewis [27]

® following Akhtar and Teghtsoonian [28]

Samples consisting of rolled sheets of thickness ¢ ranging from 12.5um to 3.2 mm were
annealed in a secondary vacuum (Po; < 10” mbar) in order to obtain various grain sizes
without oxide layers. Details of the experimental procedures and associated
microstructural characterization can be found in previous papers (see for nickel [10], for
Ni-20%wt.Cr [29] and for copper [25]). Microstructural observations were performed

thanks to conventional metallurgical setups. The grain size distribution of both surface




and cross section was analysed by light microscopy and Scanning Electron Microscopy
(SEM). The dislocation substructure of the thermomechanically work hardened samples
was observed by TEM with a microscope operating at 200 kV. The thin discs were

taken from the middle of the thickness and were prepared using a twin-jet electrolytical

thinning apparatus.

Figure 1 represents an overview of the microstructure of the materials, Annealing twin
boundaries (S; type boundaries with coincidence lattice site formalism), which can exist
in large fractions for low stacking fault energy materials (Fig. 1(a)) were considered as
grain boundaries for the estimation of the average grain diameter [10]. The mean grain
size varies in a large spectrum, typically between 20 pm and 571 um leading to #/d
ratios ranging from 0.5 to 50 depending on the material (Table 1), Mean volumetric
grain size was computed from all surface grain observations. However, systematic grain
observations through the sample thickness were also carried out (Fig, 1(b)). The studied
samples got at least one grain through the thickness with generally means a minimum of
one free surface per grain. Crystallographic texture analysis was systematically
performed by Electron Back Scattered Diffraction (EBSD) using SEM. Schimid factors
of each grain (Fig. 1(c)) were registered for all experimental conditions in order to
verify the isotropy of the mechanical properties. For a given material, only samples with
a similar crystallographic texture were retained in order to avoid any influence of this
parameter. The corresponding maximal texture density / expressed in multiples of a
random distribution (m.r.d. unit) always takes values lower than five for the three
selected materials. Ni-20wt,%Cr alloys can exhibit ordered phases under specific heat
treatment conditions [30] but XRD and TEM investigations did not show any presence

of such order.
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Fig. 1. Microstructures of the materials studied in this work. (a) EBSD grain maps for copper
(t/d = 4) showing the existence of twins and corresponding normalized {001}, {011} and {111}
pole figures. (b) Ni-20wt.%Cr microstructure on the surface (left) and through the thickness
(right) of a #/d = 10 sample. (c) Nickel sample (t/d = 3.3) microstucture, with typical EBSD
grain map (in left), and corresponding Schmid factor map (in right) given by a gray scale level

in the range 0.273 — 0.5,



2.2. Mechanical testings

To characterize the mechanical behaviour of the three fce materials, traditional
monotonous tensile tests were performed at various temperatures 7" between 203 K and
1000 K on dog-bone-shaped samples with a gauge section of 20 mm in length and 10
mm in width, Depending on the required resolution, two force cells of 10 kN and 100 N
were used. The experiments were strain rate controlled at a strain rate of 2x10* s
Lower temperatures were applied to the samples using a climatic room cooled down
with liquid nitrogen. Axial deformation was measured by a traditional contact
extensometer. High temperature tensile tests were carried out in a three zone furnace

and deformation was measured by a contact extensometer with two ceramic extremities.

2.3. Strain gradient crystalline plasticity model

Finite Element Method (FEM) simulations were performed using a single crystal strain
gradient plasticity model based on the work of Evers et al [31, 32] and Gurtin [33].
Thanks to the Statistically Stored Dislocations (SSDs) density computed by the model,
the single crystal plasticity behaviour can be correctly reproduced. Moreover, the grain
size and free surface boundary effect on the mechanical behaviour are correctly
modeled by the introduction of the Geometrically Necessary Dislocations (GNDs). This
model was correctly identified for nickel at room temperature using single crystalline
and polycrystalline experimental tensile curves, and has been successfully employed to

investigate size effects in nickel polycrystals {26, 34]. Details about the modeling



strategy, the constitutive law of the model, the mesh and boundary conditions, can be
found in a previous paper {26]. To investigate the effect of temperature on the
miniaturization size effect, a new identification for Ni was performed. Details of this
numerical identification are given in Appendix A. This model can then help to
investigate the surface effects occurrence for multi and polycrystals virtually strained at

different temperatures.

3. Size effect and temperature in fcc materials: experimental results and

strengthening mechanisms

3.1. Temperature effect on the Hall and Petch relation

The grain size dependence of the flow stress g for different strain levels gis well

represented by the traditional Hall and Petch (HP) relation [35]:

s@ =50+ M
8o(@)and k(g)are material empirical constants which depend on strain. Fig. 2(a) shows
a typical HP plot for Ni-20wt,%Cr, with a large thickness value, plastically strained at
room temperature at a value of 0.098. Two distinct regimes are clearly evidenced
separated by the critical ratio (#/d).. This breakdown in the HP relation has been
observed for the three studied material, for various thicknesses, in a more or less
pronounced fashion. The first regime (low grain sizes, right part of the graph) is
representative of the polycrystalline behaviour and HP parameters (4p, Sop) are in

agreement with literature [36-38]. In the second regime (large grain sizes, left part of the

- 10 -



graph), the dependence on the grain size increases more significantly which leads to a
sensitive decrease in stress, This effect strongly modifies the HP coefficients (kv $o1s)

which characterize the multicrystalline behaviour of the materials [17, 39].

600
201
&, = 0.098 (b)
500 +
B Cu-13at.%Al
o ) ) " Ni-20wt.%Cr
g 400 4 Polycrystalline regime fars 104
o HP plot: kp 32,
B
b
s0 % wd), = 13.0 51 - Al
i
S a——————Muhicrystalline regime
E HP plﬂti kM R i . R
200 | Gang , s R , 4] T ¥ ¥ 1
b0.co 0.05 010 .48 .20 ¢ 20 43 N 60 80
) Yoo ! b (1m )

Fig. 2. (a) Typical HP plot at room temperature for Ni-20wt.%Cr alloy with a thickness 7 = 1.6
mm. Data obtained for g = 0.098 showing the critical ratio (#/d). separating the polycrystalline
and the multicrystalline regimes. (b) Relationship between (#/d). and the relative ratio of
stacking fault energy gr/ ub” for different materials and different thickness values. Vertical
lines include the different values which can be found in literature. Reference data: Cu [14, 38}
and this work; Cu-13at.%Al [14]; Ni [40} and this work; Ni-20wt,%Cr this work; Al [14, 23,

41].

Experimentally, it can be observed that (#/d). increases with strain in a more or less
pronounced mode. The average value of (#/d). strongly depends on the material, ranging
around 3-5 for nickel, 5-8 for copper, up to a value of 9-14 for Ni-20wt.%Cr. A direct
link is obtained between (#/d). and the ratio g / ub” as evidenced in Fig, 2(b) which
compiles the result of this work with several values issued from the literature. The

predominance of planar glide and stacking fault formation (i.e. materials with low

-1 -



values of g / 1b%) leads to a transition from polycrystalline to multicrystalline
behaviour for large values of #/d ratios compared to easy cross-slip materials (e
materials with large values of g / ub?). Moreover, (1/d). values for low g/ ub’

materials (especially for solid solution alloys) are more scattered, being strongly

thickness dependent.

260 . ()
§ Copper o,
k=

. Hé*rﬁf"

240

g B 293K
220 5 2 IR
© o | Nickel ¢ 41K
2
n—_—ﬁ.w—"m“*—l_'
A
4 L
200 ———¢—¢
'l i 1 i
T 1 T 3 3 N
0.08 0.08 0.10 0.12 0.05 010 015
-112
d (um) Plastic strain

Fig. 3. (a) HP law for nickel at two temperature levels {plastic strain of 0.08). (b) Evolution of

the critical ratio (¢/d}. with plastic strain and temperature for copper and nickel.

Experiments performed in frozen conditions (7= 203 K) do not exhibit a transition in
the HP law (Fig. 3(a)), independently of the plastic strain level. The HP law is always
verified in this temperature contrarily to the results obtained at room temperature.
Inversely, the transition between polycrystalline and multicrystalline regimes is always
evidenced for temperatures larger than 293 K (Fig. 3(b)). Moreover, the critical ratio
(t/d}. takes lower values as the temperature rises. This temperature effect is more

sensitive when gz / ub’ is weak. The critical plastic strain level at which the breakdown

-12-



of the HP relation happens seems to be independent of the temperature: around 0.015
for copper and around 0.03 for nickel. As soon as this critical strain level is reached, the
evolution of (#/d). with the plastic strain level is the same for all temperatures: roughly

constant for nickel, and following an increasing linear relationship for copper.

3.2. Strengthening parameters: Kocks-Mecking formalism

Plastic straining mechanisms can be conveniently described in terms of simple models
using a single scalar parameter for the description of the dislocation structural features,
namely the dislocation density » 42, 43]. Indeed, the strengthening behaviour of fec
materials can be captured by the frequently used one-parameter mode!l developed by
Kocks and Mecking [44, 45]. In this model, the work hardening is assumed to be
controlled by a competition between the progressive storage of dislocations
(predominant during the second hardening stage) and their annihilation (predominant
during the third hardening stage) [46]. The average dislocation density £, and its Kinetic
evolution with plastic strain dr/dg, is the physical internal scalar variable linked with

this model. The basic relation of this model takes the following form {43, 47]:

cdr - Rdr o
N ) @)

e,~ fpde, .
The dislocation accumulation term (dr / d’c-)p)+ represents the increase in dislocation

length per slipped area. For most of the cases, it can be established to be proportional to



‘,/7 . The annihilation term (dr / a’ep)' is associated with recovery mechanisms of the

dislocation density and is directly proportional to # according to Kocks [44, 46].

The evolution rate of the dislocation density with g, can be therefore derived from Eq.
(2), assuming the knowledge of the accumulation and annihilation terms. Taking a very
wide formalism, initially stated by Mughrabi and Essman [47], and subsequently

amended [17, 48, 491, dr /de,can be written as the sum of four parts:

dr _M\r Mk, M _2MPy

3)
de, &b bd bL b

The first component is the traditional accumulation term related to the athermal storage
of mobile dislocations. & means the ratio between the mean free path of mobile

dislocations / and the average dislocation distance | :

b=b=Lyr @

The second term takes into account the existence of the GND density linked to the grain
boundaries, following the suggestion of Ashby [50]. In this part, &, is a material
constant linked, among other parameters, to the grain shape [46]. This term is
predominant at the beginning of the plasticity and can be correlated to the development
of intergranular internal stresses inside the polycrystal. The third term is related to the
initial dislocation structure which is characterized by a mesh size L. Finally, the fourth
term on the right hand side takes into account the contribution of cross-slip mechanisms

which progressively take place at higher plastic strain levels {51, 52]. P is the

- 14-



probability that two dislocations annihilate each other when they are separated by a

distance y. This term becomes predominant in the third stage of work hardening.

Furthermore, Eq. (3) can be associated to the traditional Taylor equation (Eq. (5))
linking the flow stress § to the dislocation density r (g is a material parameter relative
to the dislocation arrangement and the interaction between slip systems, and M the

Taylor factor):

s =anbyr (5)

This relation holds for fcc crystals plastically strained on a large range of plastic stress
under polyslip conditions [53]. Therefore, the general following relationship can be

expressed, combining Eqs. (3) and (5) [17]:

sq=a’fgzs+a2”’;M3b§—k§+i§_-a2fﬁbM3Py ©)
where ¢ = ds/deg is the work hardening rate of the material. The plot of §¢ = f{'s), so-
called Kocks-Mecking plots, can be therefore used to illustrate Eq. (6). Such plots are
shown in Fig. 4 for copper at room temperature and for two extreme values of the #/d
ratio, Three distinct hardening stages can be identified. A detailed description of each
one can be found in traditional reviews [44, 46, 54, 55]. For fec isotropic polyerystals
(no crystallographic texture), the first stage is very weakly pronounced. The second
stage is related to the activation of multiple gliding systems and the existence of a few
cross slips {51]. In this stage, the linear part of the sqg = f('s) curve, of slope Q, defines

the second work hardening stage. The last term on the right side of Eq. (6) can be

-15-



neglected due to the low probability to develop cross-slip. This equation can therefore

be approximated under the following synthetic form for the second hardening stage:

sg=Dys +(s¢), %
with:

D, =22, ®)
and:

21,2337 B ~

g mMbk i.

(sq)y =T 2fL 42 ©
2 d L

[y is the latent hardening, corresponding to the short-distance interactions between

dislocations, for instance interaction between mobile dislocations and Franck network

[56]. The grain boundary contribution due to the GNDs and the one related to the initial

dislocation structure are taken into account by the (g gls parameter.

Previous works [17, 18] showed that the main parameters of this formalism can be used
to capture the occurrence of size effects on the work-hardening mechanisms at room
temperature. In order to analyze more accurately the effect of temperature on such size
effects, the next part of this paper deals with the modification of these parameters with

temperature and #/d ratio.

-16-
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Fig. 4. Examples of s¢ 3/{g/ plots for copper with two extreme values of #d ratio (room

temperature).

3.3, Temperature dependence of the size effects on the strengthening mechanisms

The temperature dependence of the strengthening properties has been intensively
investigated for fcc metals and alloys, for both single crystals [57, 58] and polycrystals
[59-61]. Our results agree with these previous works. For polycrystals and multicrystals,

the change in deformation modes with an increase in temperature is closely related to

-17-



the thermal activation controlled mechanisms such as cross-slip. As a consequence, the
second work hardening stage progressively disappears with the increase in 7,
independent of the #/d ratio. Hence, the third hardening stage takes place at lower values

of plastic strain [25].
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Fig. 5. Evolution of the normalized value of the latent hardening 0/ with temperature and #d

ratio. {a) Copper, (b) nickel, (c) Ni-20wt.%Cr.
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If normalized by the shear modulus, which temperature dependence follows Eq. (10)

[59] (s and &y being empirical constants which can be found in literature [62, 63]):
nT) = mexp(- 6,7) (10)

the latent hardening rate £); remains constant independent of 7' (Fig. 5). Eq. (8) can be

rewtitten in another convenient form:

Oy - aM? (1D
m 26

In this equation, the variation of M (no significant variation of texture and Schmid
factors for the samples observed by EBSD) and g with temperature is weak for
homologous temperatures 7/7yranging between 0.1 and 0.5 [44]. Therefore 4 must take
a constant value independent of the temperature. So, according to Eq. (4), the mean free
path of gliding dislocations { and the average dislocation distance | vary in the same
way with temperature during the second hardening stage. Previous TEM analyses
evidenced an increase in the mean cell size F with temperature for polycrystals and
multicrystals plastically strained at various temperatures [25]. This is in agreement with
the similitude concept developed by Kuhlman-Wilsdorf [64] which states a constant

relationship between | and 7. This feature can be correlated with an increase in both

parameters { and | .
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The parameter (\s*(‘;;)o/pr2 strongly decreases with an increase in temperature for
polycrystalline specimens of copper (Fig. 6(a)) and Ni-20wt.%Cr (Fig. 6(c)), but

remains constant for nickel (Fig. 6(b)). For specimens with #/d < (1/d),, this parameter

- 20 -



remains constant with temperature for all materials. So, with a decrease in gz / ,ub2 , the
difference in ( sq)a/,u2 between polycrystals and multicrystals tends to be reduced with
an increase in temperature. Two distinct phenomena can explain this result. The first one
could be linked to a decrease in the dependence on the grain size of (sq)g/;:2 for
polycrystals, Indeed, the increase in temperature generally induces a decrease in the
long range backstress which is linked to the GNDs, due to the early cross-slip
activation. The second phenomenon could be related to the role played by free surfaces
in polyerystals, which act as potential sinks for dislocations. A competition between
both origins is hence possible. In order to disassociate these two mechanisms, a
methodology is proposed in the next section, supported by the experimental results
concerning temperature effects on the strengthening behaviour of both polycrystalline

and multicrystalline materials.

4. Disassociation of the grain size effects and the intrinsic surface effects

In order to disassociate the grain size and surface contributions to work hardening
mechanisms, (sq)g/,u‘? can be expressed by an expanded relationship taking info account

the surface effects [25, 45]:

(sqh _@’Mblk, 1 1 12
WM 2 Bd L s~ 42

This equation enlarges the relation (9) by adding a supplementary term proportional to
1/s. This parameter was briefly introduced by the pioneering works of Mecking [45], in

order to take into account the contribution of dislocation sinks such as free surfaces
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where dislocations can be annihilated. These dislocation sinks are characterized by a

positive mesh size s which tends to locally decrease the dislocation density.

-6)

(cB)y/u (x10

(1/L-1/8) term for

/oiycrystalline samples

(a)

k, slepe for
polycrystalline samples

multicrystalline samples
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multicrystalline samples
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w2 L s
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e

(11.-1/5)
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20 30
Hd (x10” um™)

Weak surface effects

\[—

Strong surface effects

Fig. 7. (a) Typical plot of (sq)g/p? versus I/d showing two distinct stages and corresponding

parameters (Ni, T = 473 K). (b) Mathematical evolution of (1/L — I/s) with the variable 5. The

areas where the surface effects predominate and are negligible are indicated in this plot.

-22 .



The contribution of grain boundaries and surface effects on (sq)a/;12 can be estimated
using the experimental results presented in this work. In order to illustrate the grain size
dependence of (S())o/ﬂz , this parameter can be plotted versus //d for each temperature
level. Such a graph is given in Fig. 7(a) for Ni work hardened at 7' = 473K. As for HP
plots, a strong breakdown in the slope value, representative of the transition between
polycrystalline and multicrystalline behaviours, can be observed. So, for each
temperature and each state of the samples (7.e. multicrystals or polycrystals), it is
possible to compute &, and (1/L — 1/s) following Eq. (12). These two terms characterize
respectively the grain size influence and the balance between the contribution of initial

dislocation structures (//L) and surface effects (1/5).

The first parameter, &g, is directly linked to the GND density +np, the grain size d and

the deformation level g according to [50]:

Mk s
Fow =25 (1)

At the beginning of the plastic strain process, GNDs bring the main contribution to the

work hardening. Combining Eqs (13) and (5) with # = rgwp leads to:

e
s =an§)”2M”2k;/2\g (14)

This equation can be directly related to the HP law indicating a proportional relationship

between the HP coefficient k and kg & = C, [k, with Ca material constant for a given
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deformation level. Grain size contribution in Eq. (12) can therefore also be analysed in

terms of HP constant k.

Fig. 7(b) gives the evolution of (1/L-1/s) with 5 and indicates the schematic location of
strong and weak surface effects behaviours. In the following section, the evolution of

both parameters with temperature is studied depending on g / ub’,

4.1. Easy cross-slip fce metals: the case of nickel

HWL-1/s @ )
( ) Nickel 8t
203K
6 4
’Ilncfeasing surface eftects t_;(\
473 K— a8 lemperalure increases E-
s rﬁg 4T
X \ Nickel
203 K—p 3 !&‘ - I K
) Slrtongcr sur:]faCf; effects :.} . ‘:\ @ 293K
47 K""“; a5 temperature inpreases __\\\\ -@-4T3K
® Polyerystal samples ‘&*:-:___7
<> Multicrystal samples e \?'\‘
0 + }
0.00 085 0.1
Plastic strain

Fig. 8. (a) Schematic location on the (1/L. — I/s) = f{s) curve of the various samples of nickel.

{(b) Evelution for polycrystalling Ni of the Hall-Petch kp parameter with temperature.

For nickel, the temperature dependence on the work hardening is characterized by a
constant value of both £,/ and (Sq)a/ﬂz parameters independently of the kind of
samples (i.e. polycrystalline or muiticrystalline states). The application of the
disassociation methodology to the experimental results of Fig. 6(b) leads to the

synthesis plots given in Fig. 8. Concerning surface effects (Fig. 8(a)), multicrystalline
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samples exhibit stronger surface effects when the temperature increases. For
polycrystals, when the temperature increases up to 473 K, a decrease of (I/L — 1/s}
parameter is highlighted which corresponds to surface effects developing inside these
samples (the initial mesh size 1 is considered to be constant due to the same forming
processes and heat treatments experienced by the samples). However, (1/L — 1/5) is still
positive meaning that these surface effects remain moderate. An increase in temperature

induces, hence, stronger surface effects for both multi- and polycrystals.

As reported previously, grain size effect remains weak for multicrystals [40]. This effect
is found to be independent of the level of temperature. For polycrystals, the grain size
contribution on the work hardening mechanisms in temperature has been studied by the
evolution of the HP parameter kp with the plastic strain, for various temperature levels
(Fig. 8(b)). For T'=203 K, kp/p strongly increases in the first work hardening stage and
slowly decreases during the second work hardening stage. For higher temperatures, after
the same increase of k»/u during the first work hardening stage, a very strong decrease
in this parameter as a function of the plastic strain is observed. After this strong
decrease, the temperature has no longer an effect on this evolution. As a consequence,
concerning polycrystals, the stress level in the third hardening stage is weakly
dependent on the grain size and this dependence is not influenced by an increase in

temperature.
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Fig. 9. (a) von Mises equivalent stress distribution in the median cross section of a Ni
multicrystalline sample (#/d = 1, g = 0.07) at room temperature. Profiles of the corresponding
relative stress level 878 as a distance to the free surfaces along the line L depicted in Fig.
9(a), and for two temperature conditions: (b) work hardening in stage I1, (c) work hardening in
stage IIL. (d) Numerical computation of the ratio between stress levels for multicrystals and

polycrystals for various temperature and strain levels,
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For easy cross-slip metals (i.e. with large values of g / ,ubz), surface effects tend
therefore to be more pronounced when the temperature increases (for polycrystals and
multicrystals). Moreover, as the grain size contribution is weakly dependent on
temperature, the difference in mechanical behaviour between the two kinds of samples
remains large independently of the temperature. This leads to an almost constant value

of (sq)M,uz independent of the temperature, as observed in Fig. 6(b).

To confirm these results, numerical simulations using the strain gradient crystal
plasticity model described above, previously identified for different temperatures (see
Annex 1), were carried out. Tensile tests for samples with 1 grain across the thickness
(i.e. multicrystal specimens) and 4 grains across the thickness (i.e. polycrystal
specimen) were then numerically performed for three different temperatures. In order to
compare the mechanical behaviour between multicrystals and polycrystals, the von
Mises equivalent (V.M.E) stress distributions were first plotted for the cross sections of
the two kinds of samples. Fig 9(a) illustrates the V.M.E stress distribution for a
muiticrystal strained in stage 11l (€=0.07) at room temperature. As expected, this
distribution is not homogeneous with lower stress values near free surfaces due to
surface effects. Figure 9(b) and 9(c) represent the V.M.E stress profiles along the line L
depicted in figure 9(a), for multicrystalline samples virtually strained at 203K and
573K, in strain hardening stage II and I1I, respectively. Theses profiles show stronger
stress gradients for larger temperatures in agreement with the experimental results. This
increase is nevertheless weak, especially in stage I1. For polycrystalline samples,

numerical simulations reported the same trend. The corresponding mechanical softening
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can be computed as the ratio s.a-1/8wa-+ between stress levels for multicrystals (#/d = 1)
and polyerystals (#/d = 4) for different strain levels. The evolution of such a ratio,
illustrated Fig. 9(d), shows a weak increase (less than 4% between the lower and larger
value of temperature). As the grain size effect is weak for nickel and is no longer
effective for large temperature, this slight increase in sofiening suggests that surface
effects are slightly stronger for polycrystals but not enough to induce a modification of

the overall mechanical behaviour between the two kinds of samples.

As a consequence, for wavy slip metals such as nickel, a moderate increase in
temperature does not reduce the softening of the mechanical behaviour due to

miniaturization.

4.2, Effect of a decrease in g / ,ub'? : the case of copper and Ni-20wt. %Cr

The values of (I/L — 1/s) are given in Fig. 10(a) for each type of samples and
temperatures concerning copper. As shown in this figure, the difference between
polycrystals and multicrystals is significantly enhanced with an increase in temperature.
In polycrystals, mechanisms are driven by a strong decrease in the surface effects as the
temperature rises, whereas the strong surface effects, already present at room
temperature for multicrystal samples, persist with substantially identical amplitude for

any temperature value.

The evolution with temperature of the HP slopes kp of the polycrystalline state is given
in Fig. 10{b). The corresponding slopes kg, normalized by the values &g9; obtained at

the lowest temperature (203 K) are given in Fig. 10(c). The ratio kz/kz203 and the HP
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parameter kp decrease with temperature for copper, in a more sensitive way for

polycrystals than for multicrystals. The contribution of grain boundaries to the strain

hardening mechanisms in the second hardening stage progressively vanishes with

temperature for both kinds of samples. This behaviour is clearly opposite to the one

observed for nickel samples.
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Fig. 10, (a) Schematic location on the (1/L — I/s) = f{s) curve of the various samples of copper.

{b) Evolution for polycrystalline Cu of the Hall-Petch kp parameter with the temperature. (c)

Relative evolution for copper of the &, parameter with temperature representing the grain size

effect. Results are given for polycrystal and multicrystal samples.

-29.



The decrease in (, .s-q)g/’,u2 with the temperature for copper polycrystals shown in Fig. 6(a)
is then a softening effect directly linked to the weaker influence of the grain boundaries
on the strengthening mechanisms. This softening effect is linked to the gencralization of
cross-slip and the corresponding predominance of the third work hardening stage. For
copper samples with low #/d values, the strong surface effects developed at low
temperatures persist at higher temperatures. This mechanism is accompanied by a slight
decrease in the influence of the grain boundaries. Polycrystal behaviour therefore tends

to be toward that of multicrystal as the temperature increases.

Dislocation cell observations in copper during the various work hardening stages
support this softening mechanism. TEM analyses of the cell structure were performed
on samples with low and high #/d ratios in the temperature range of this work.
Specimens were strain hardened in the second and third hardening stages before
observations and the mean cell diameter was computed using a statistical methodology
described in detail elsewhere [19]. Results of these observations are given in Fig. 11 ina
synthetic way. Dislocation cell sizes in the second hardening stage remain constant,
independent of the temperature, for both polycrystalline and muiticrystalline samples.
Moreover, the increase in cell diameter from polycrystal toward multicrystal is
maintained independent of the temperature level. This feature is related to the
independence of the latent hardening rate with temperature. When samples are strain
hardened in the third stage, mean cell diameter of both sample states are sensitively
different at the lower temperature levels. As the temperature increases, the cell size

tends towards the same values. So, the mechanical behaviour of polycrystalline samples
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tends to be that of multicrystalline ones in copper due to a grain size softening effect
which level the mean dislocation cell dimensions between polycrystalline and

multicrystalline samples.
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Fig. 11. Dislocation cell structures in copper polycrystal and multicrystal strained in second and

third hardening stages. Evolution of the corresponding mean celt diameter with temperature.

Finally, there is indeed a very similar behaviour of copper and Ni-20wt.%Cr alloy
concerning the (sq)g/y‘? parameter (Figs. 6(a) and 6(c)) despite a strong difference in

dislocation structures for both materials.
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Alloying nickel by chromium decreases the relative stacking fault energy gy / ub’
(Table 1) below a magnitude in which no celf structure is formed [65], This enhances
the formation, in stage Il of work hardening, of dislocation blocks separated by
geometrically necessary boundaries [66, 67] (Fig. 12(a}). These dislocation

substructures have already been observed by Dudova et af [68].

When #/d ratio stands below the critical value (Fig. 12(b)), as for copper and nickel, the
second working stage is expanded in detriment of the third one. Dislocation walls are
less dense and dislocations tend to remain straight on their slip planes, minimizing their
potential energy. Kinks, pile-ups, disassociated dislocations and stacking fault areas are
frequently observed. The anisotropic structure widely depicted in the second stage of
work hardening for polyerystals is delayed toward the beginning of third stage in
multicrystals (Fig. 12(c)). These dislocation substructures, sensitively different from
those observed in copper, have no distinct influence on size effect mechanisms in

temperature concerning low stacking fault energy materials.

In summary, whatever the dislocation configuration and evolution, the size effect for fce
metals with lower gy / ybz values seems to be driven by the same physical processes.
For these materials, the multicrystals adopt at low temperatures, especially at room
temperature, a behaviour similar to that of polycrystals deformed at higher
temperatures. However, the behaviour of polycrystals for temperatures larger than room
temperature is due to the progressive activation of cross-slip, coupled with a weaker
effect of the grain boundaries. Instead, multicrystals behaviour is linked to the strong

surface effects generating a significant stress gradient in the thickness of the samples.

-33.



5, Conclusion

New experimental results are given in this work concerning the temperature effect on
HP behaviour and strain hardening of polycrystalline fcc materials with various #/d
ratios. The modifications of the work hardening behaviour are strongly dependent of the
wavy slip character of the material. With the help of the quantitative investigation of the
dislocation structures achieved by TEM observations and numerical analysis concerning
the stress gradient across the thickness of samples, the main results can be summarized
by the following points:

¥ The strengthening properties of polycrystals and multicrystals are dependent on
temperature. This behaviour is linked to g / ub? but is roughly independent on
the dislocation substructure and its evolution with plastic strain.

Y The latent hardening rate keeps a constant value independent of the temperature,
respecting the well-known athermal character of the second work hardening
stage. In all cases, the value of this parameter is significantly higher for weaker
1/d ratios.

3 The characteristics of the multicrystalline behaviour are not deeply affected by
an increase in temperature, independently of g / ub’.

> For easy cross-slip metals such as nickel, an increase in temperature enhances
the surface effects for both polycrystals and multicrystals. As a consequence, the
macroscopic softening of the mechanical behaviour between polycrystals and

multicrystals is only weakly affected by the temperature. For these materials, the
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grain size contribution on the mechanical hardening is weak, in particular for
high temperatures.

2. With a decrease in g / ub? (i.e. transition from wavy slip to planar slip
mechanisms), an increase in temperature strongly reduces the differences
between polycrystals and multicrystals, For these materials, the grain size
influence is strongly dependent on temperature. Indeed, as cross-slip activation
is restricted by the low value of g / ub’, cross-slip becomes strongly dependent
on temperature contrary to large gy / ybz materials for which cross-slip is easy
independently of 7' As a consequence, for polycrystals, an increase in
temperature reduces the grain boundaries contribution involving a strong
softening of the mechanical behaviour. For multicrystals, the grain strengthening
is weak and the mechanical response does not depend on temperature, With an
increase in temperature, polycrystal behaviour tends to lean toward that of the

multicrystalline one, in turn reducing the microstructural size effects.

In order to take into account the size effects in formability operations of micro-sized
components, using appropriate strain paths minimizing the stress gradients inside the
metal parts seems to be the most efficient way {3, 6, 69, 70]. This may be accompanied
by a suitable choice of the forming temperature but this parameter appears to be second

order for muiticrystalline specimens.
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Appendix A. Numerical identification of the constitutive law for nickel taking into
account the effect of temperature

Assuming that the dislocation storage mechanisms are not temperature dependent
(athermal storage), the temperature only affects the slip kinetics of each glide system
and the recovery mechanisms (cross-slip and climb of dislocation are thermally
activated). The temperature influence on the glide kinetics is directly taken into account
in the model whereas the effect of temperature on the recovery mechanisms must be
introduced by different values of dislocation annihilation distance y (see [26] and

previous Eq. (3) in the section 3.2 for the physical meaning of this parameter).

Fig. Al represents the experimental and predicted tensile curves for nickel samples with
four grains across the thickness (with a grain size around 100 pm) for two temperatures:
203 K and 573 K. A good agreement is observed between the experimental tensile
curves and those predicted by the model, Table Al summarizes the value of the
annihilation distance for 203 K, 293 K and 573 K. An increase in temperature involves

an increase in this parameter in agreement with its thermally activated character.

Table A1, Numerical values of the annihilation distance y between two dislocations for nickel
and three temperature levels. y is defined in Eq. (6) and is given in multiple of Burgers vector

modulbus b (b = 0.25 nn for nickel).

T(K) [203 |273 | 523

I 45 [5.66 |9
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Table captions

Table 1. For the three materials studied: stacking fault energy g, relative ratio of
stacking fault energy gr / ybz (u: shear modulus, b: Burgers vector modulus), thickness
range of the samples, thickness (£} over grain size (d) ratio corresponding spectrum and

references to previous works for more details concerning experimental methods [27,

28].

Table Al. Numerical values of the annihilation distance p between two dislocations for
nickel and three temperature levels. y is defined in Eq. (6) and is given in multiple of

Burgers vector modulus » (b = 0.25 nm for nickel).
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Figure captions

Fig. 1. Microstructures of the materials studied in this work. (a) EBSD grain maps for
copper (i/d = 4) showing the existence of twins and corresponding normalized {001},
{011} and {111} pole figures. (b) Ni-20wt.%Cr microstructure on the surface (left) and
through the thickness (right) of a #/d = 10 sample. (¢) Nickel sample (t/d =3.3)
microstucture, with typical EBSD grain map (in left), and corresponding Schmid factor

map (in right) given by a gray scale level in the range 0.273 — 0.5,

Fig. 2. (a) Typical HP plot at room temperature for Ni-20wt.%Cr alloy with a thickness
{ = 1.6 mm. Data obtained for g, = 0.098 showing the critical ratio (#/d). separating the
polycrystalline and the multicrystalline regimes. (b) Relationship between (/). and the
relative ratio of stacking fault energy gr / ub’ for different materials and different
thickness values. Vertical lines include the different values which can be found in
literature. Reference data: Cu [14, 38] and this work; Cu-13at.%Al [14]; Ni [40] and

this work; Ni-20wt.%Cr this work; Al [14, 23, 41].
Fig. 3. (a) HP law for nickel at two temperature levels (plastic strain of 0.08). (b)
Evolution of the critical ratio (¢/d). with plastic strain and temperature for copper and

nickel.

Fig. 4. Examples of sg %/(g/ plots for copper with two extreme values of #/d ratio

(room temperature).
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Fig. 5. Evolution of the normalized value of the latent hardening 0/ with temperature

and #d ratio. (a) Copper, (b) nickel, (c) Ni-20wt.%Cr,

Fig, 6. Evolution of the (sq)u/,uz parameter with temperature and /4 ratio. (a) Copper,

(b) nickel, (c) Ni-20wt.%Cr.

Fig. 7. (a) Typical plot of (3(7)0/;12 versus //d showing two distinct stages and
corresponding parameters (Ni, T = 473 K). (b) Mathematical evolution of (I/L — 1/5)
with the variable s. The areas where the surface effects predominate and are negligible

are indicated in this plot.

Fig. 8. (a) Schematic location on the (1/L — I/s} = f{s) curve of the various samples of
nickel. (b) Evolution for polycrystalline Ni of the Hall-Petch %p parameter with

temperature.

Fig. 9. (a) von Mises equivalent stress distribution in the median cross section of a Ni
multicrystalline sample (#/d = 1, g = 0.07) at room temperature. Profiles of the
corresponding relative stress level §/Scewer as a distance to the free surfaces along the
line L depicted in Fig. 9(a), and for two temperature conditions: (b) work hardening in
stage II, (c) work hardening in stage II1. (d) Numerical computation of the ratio between

stress levels for multicrystals and polycrystals for various temperature and strain levels.

Fig. 10. (a) Schematic location on the (1/L — 1/s) = f(s} curve of the various samples of

copper. (b) Evolution for polycrystalline Cu of the Hall-Petch kp parameter with the
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temperature. (¢} Relative evolution for copper of the &, parameter with temperature
representing the grain size effect. Results are given for polycrystal and multicrystal

samples.

Fig. 11. Dislocation cell structures in copper polycrystal and multicrystal strained in

second and third hardening stages. Evolution of the corresponding mean cell diameter

with temperature.

Fig. 12, Dislocation substructures observed in Ni-20wt.%Cr alloys. (a) #/d > (t/d),, stage

I1; (b) ¥/d < (t/d)., stage 11 ; (¢} ¥/d < (t/d)., stage lII (room temperature).

Fig. A1, Comparison between experimental and numerical predicted tensile curves for

nickel samples (t/d = 4) and two temperatures: 203 K and 573 K.
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