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Grain boundary and triple junction enthalpies in nanocrystalline metals
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We calculate the contribution to the total enthalpy of nanocrystalline computer-generated samples coming
from grain boundaries(GB’s) and triple joints(TJ's). We show that the excess enthalpy per unit volume
(excess enthalpy densjtat the TJ is essentially the same as that found in the GB. This implies that TJ’s and
GB’s are kinds of matter with equivalent departures from a perfect crystal structure, at least in the energetic
aspect. By a proper account of the amount of GB’s and TJ's, we show that the reported observations on
decreasing GB energy with decreasing grain size in nanocrystallized amorph¢ls I[Seand N. X. Sun,

Philos. Mag Lett.75, 389 (1997] and negative TJ line tension from computer simulation req8tsG.
Srinivasanet al,, Acta Mater.47, 2821(1999] are consequences of neglecting the relation between the grain
boundary widths and the grain sizd, which in the nanophase regime may be of the same order of magnitude.
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The development of nanocrystallin€NC) materials the model for defect counting is presented; second we fit it to
opened the possibility to study structural and energetic propeur previous excess enthalpy results; then we reanalyze the
erties of crystalline materials characterized by a large portiotiesults of Refs. 13 and 14 in terms of our model; and finally
of interfaces. Knowledge on the nature of grain boundariesve present the conclusions.

(GB’s) in NC materials is essential to understand, develop,

and eventually utilize this class of materials. Fundamental

studies of GB properties were carried out on NC materials as I. MODEL

well as on specially prepared polycrystals with chosen pa-

rameters. These studies, either experimental or computa- Although real as well as computer generated NC samples
tional, focused on several complementary aspects, like inteare formed by grains of arbitrary shape, to evaluate the
face migration, stress calculatior’s;* anisotropic grain amount of GB area and TJ length when the only macroscopic
growth? relaxation mode§ structure’® etc. parameter is the average grain size, we must assume a par-

Experiments and computer simulations contribute to thesécular shape and a size distribution. It is customary to take
issues together. In a recent papee showed that computer an average of the actual distribution of shapes and sizes that
simulations of Cu and Ni NC samples indicate that GB struc{ranslates into a geometric factor representing the average
tures are quite similar to those corresponding to coarsesurface-to-volume ratio. This factor alters the quantitative
grains, supporting the interpretation of GB’s in NC materialsresults of defect energies, but not their dependence on rel-
as similar to normal, micrometer-sized, polycrystals. Thesevant variables like grain size. For simplicity, in our analysis
conclusions came from observation of the atomic arrangeef the computer-generated samples, instead of an average we
ments at the interfaces. shall assume two extreme geometries, namely, spherical

Another way to look at the interfaces is by energetic con{with minimum surface to volume raticand cubic (with
siderations. When compared to their single-crystal countertarge surface to volume rafiothe real case will very prob-
part, NC materials have an excess enthalpy per unit volumably be in between these two cases. This simplification al-
AH, defined as the difference between the enthalpy of théows us to calculate the amount of defect surface or length
NC state minus the enthalpy of the perfect crystalline state awith precision.
the same temperature and pressure. This difference is propor- For simplicity, then, we consider a NC formed by per-
tional to the energy stored in structural defects, like GB’s,fectly equal cubes. The NC sample would then look like Fig.
and triple joints(TJ's). Experimentally, this excess enthalpy 1, with additional grains perpendicular to the plane of the
can be measured as the heat released during grain growth, figure. In the schematic figure, the grain sitzés the sum of
a differential scanning calorimetric experimef@®SC); in  the size of the perfect crystal portion of the graim; 8, plus
computer experiments this quantity is of immediate accessthe GB width 6. We assumdand justify below that asd

In this paper we report results on GB and TJ excess enchangesg remains constant.
thalpy on a set of NC samples that have already been used to The TJ is the intersection of three-grain boundaries. For
study their elastic and mechanical properties.We focus  this particular example of cubic grains, all intersections are
our attention on their dependence on average grain size, arfidur-junction line. Six-junction points may be identified in
compare our results with recent papers that claim a decreasiee intersection of six four-junction lines and so on: for each
in excess enthalpy as the grain size decre¥sEgr a nega-  particular geometry considered, there are different types of
tive TJ enthalpy* The paper is organized as follows: first intersections. In our analysis, we shall classify the defects in
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be replaced byg”(d— 6) in the expression fot;, and an
additional expression for the amount of six-joint lines should

"' be considered. With these definitions, the excess enthalpy
per unit volume is
o ¢ where ygg and yr; are the surface energy density of the GB
and the length energy density of the TJ; replacing the surface
and length densities by the expressions above,
—

(d—6)2 3
d AH:?’GB'?’_dr"‘?’TJdT- 5

FIG. 1. Simplified representation of a nanophase material: cubic Neglecting terms iné%/d (becaused<d), a plot of %

grains with linear dimensiod and grain boundary widtid. AHd?= yggd+ (y1—28yse) gives a straight line with
slopeygg. To be able to determine the other two unknowns,

such a way that the volume associated with the six-junction,.; and s, and for reasons that will become clear later when
pOintS will be included in the fOUr'jUnCtion |ineS, SO they will inspecting the Computer-generated Samp|e3, let us also as-
not be considered as independent defects; moreover, we shglime that the states of matter in the GB and TJ are the same.
call them all TJ's. As a very important point in all that fol- These states may be characterized by an excess enthalpy per
lows, note that there are several options to count the amouginit volumeh. Then the enthalpy per unit surface of the GB
of defects: for the cubic shape example they can be GB'§s the enthalpy per unit volume of the defect mattertimes
alone, GB’s plus four-junction lines, and GB’s plus four- the GB widths. Similarly for the four-joint line, its enthalpy

junction lines plus six-junction lines. In Sec. lll we shall per ynit length i 6% thereforeygg=hs and y;=hs% and
consider GB's only, to compare with results in the literature.gq. (5) now reads,

These options are not all equivalent: the results depend sig-

nificantly on them as we show below. 3(d—6)? 53

With these definitions, the grain density, that is, the AH:h5_dB_+h5 92
number of grains per unit volume, is the reciprocal of the
grain volumeV,. For a general shap&/,=gd*, with g 3h5( ) 52)
=1 for cubic shapes angl=0.52 for spherical shapes. Then ~Ta 1- d d2
for cubes,

3hs
. 1 1 @ =g ([d=9d) (6)
IV, o

here again we neglect terms higher than lineas/id. Now

The GB surface per unit volum8gg is the surface of a multiplying AH timesd? we obtain a linear dependence @n
grain Sy times the number of grains per unit volume, with slope $é and intersectio_n— hs? (note the negative
times 3 for double counting because each surface is sharegign. This allows us to determine both unknowmgnd &:
by two grains. The surface of a grain ¢g (d— 6)?, with

g’ =6 for cubic andg’ =3.14 for spherical shapes; then AHd?=3hsd—3hs”. @)
6(d—4) IIl. RESULTS
See= ng3g=2—da- 2

We apply Eq(7) to our computer simulation results on Ni
The TJ's length per unit voluméncluding eight-point ~samples at different grain sizes, reported in Refs. 9-11. For
junctions for our simplified geometryl1;, is the product of ~details about the samples we refer the reader to Ref. 16, and
the amount of TJ per grain, times the number of grains pePnly mention here that they do not have cubic grains but
unit volume. The first quantity is proportional to the linear grains constructed from random locations and crystallo-
dimensions of the graing”d. In the case of cubic grains graphic orientations, according to the Voronoi construction
g”: 12, and to avoid mu|t|p|e Countingn cubic grains the (Wigner-SeitZ Ce”S In Table | we give values of the excess
TJ's are four-junction lines, shared by four nearest-neighbognthalpy for the total sample &f,; atoms and average grain

graing, we add a factog: sized. The left ordinate axis of Fig. 2 showsHd? vs d,
together with a linear fit [Eq. (7)] with: 3h§

,. lad 3 =38.0(=0.1) eV/nnt and h5%°=26.4(+9) eV/inm. From

ly=ngg"d=73= g2 (3 these values, we determing=0.7 nm andh=18 eV/nn?

=0.21 eV/at,ygg=h6=12.6 eV/In{=2.0 J/nt, and y1,
Note here that if we want to make the six-joint lines ap-=hs?=8.8eV/nm=14.1x 10 1°J/m. The value ofé§ is
pear explicitly in the analysis as a separate tegta, should  compatible with the observed width of the GB determined in
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TABLE |. Total excess enthalpyH in samples with different
grain sizegl. The number of atoms in the samples are also reported
for normalization purposes.

AH (eV) d (nm) Nat
7294 5.2 101 384
17 420 8.0 349 545
29650 10.0 755 475
41341 12.0 1223250

FIG. 3. Grain boundary and triple joint between three grains in
a computer-generated 5.2-nm Ni NC sample. The surface of the

the simulati “andis cl to the latent heat of i f grains has been taken as the frontier between perfect and nonperfect
€ simulations; anais close 1o the latent heat of melting O ¢« «,ordinated atoms. Small dots represent atoms with a potential

this potential(0.18 eV/a}, which is a measure of the energy energy greater than the perfect crystal value plus 1.5 times the latent

necessary to lose the crystalline order. heat of melting, as a way to visualize the excess energy stored in the
The quality of the linear fit provides support to the defectyefects.

accounting assumptions made, and unambiguously deter-

mines the GB energy. The assumption that the natures of thge schematic representation of cubic grains shown in Fig. 1,
defect matter in the GB and TJ are similar gives us values fopq ysed in the calculations, this region has a characteristic

the TJ energy and the GB width, this last being compatiblginear dimensiord— 6. This is an arbitrary but sound defi-
with the observations in the computer-generated samples, asion of the frontier between a grain and a grain boundary,
shown below. useful for visualization purposes. The perspective used in

An additional test of these assumptions is the visual ObFigs. 3 and 4 clearly shows that the GB's are planar and
servation of the GB's and TJ's in the simulated samples. Iygnstant in width, and that they intersect in a triple joint

previous publications;1>we reported extensive studies on whose cross-section dimension is comparable to the GB
structural, elastic, and plastic properties of a series ofiqth.

nanophase samples representing Cu and Ni. Some of these |, 5qdition to these surfaces, in Figs. 3 and 4 we also plot
samples were created starting from the same set of randofyse atoms with an energy higher than 0.27 eV above the
grain location and crystallographic orientation, but with dif- hetect crystal value. This value is 1.5 times the latent heat of
ferent grain sizes, in such a way that the same sets of bounghe|iing, and is an arbitrary value that gives an adequate den-
aries appear in different samples, differing only in the lengthgjry, of atoms in the figures to represent the distribution of
scale. In Figs. 3 and 4 we show partial views of two of these,ycess enthalpy. It appears evident in Figs 3 and 4 that these
samples: three grains with the same orientation parameters ifjomg are evenly distributed in the GB and TJ volumes, with
a 5.2-nm Ni sample and a 12-nm Ni sample. As becomeg, gistinction between a flat surfa¢ehat we associate to

?pparer)t, grains in both samples have equal shapes but dfsg planeg and a dihedral vertexthat we associate with
erent sizes.

As a way to visualize the perfect crystal component of the
grain, we plot a closed surface containing in its interior all
atoms with a fcc coordination up to fourth neighbors. In this
and our previous work, we classify atoms according to their
coordination; for a description of this analysis see Ref. 16. In
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FIG. 2. The functiomAH timesd? vs d. Left axis: our data for FIG. 4. Same as Fig. 3, this time for a computer-generated
Ni from Ref. 15; right axis: Lu’s data from Ref. 13. Linear fits 12-nm Ni NC sample. The scale of this figure is the same as
according to Eq(7). in Fig. 3
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401 7210 ves @s the grain sizel decreases. However, the variable
AHd should not be constant if we take E®) as the right
expression foAH; for such a plot we instead obtain

w
[
1

41.95

3hé ( 1)
AHd="—=(d~5)=3n3| 1 5
which is a decreasing function of The lines in Fig. 5 are
plots of Eq.(9) with § andh for Ni, as determined previ-
ously, and for Se we obtain the same values as in the proce-
dure indicated in the next paragraph.

24 : , : . : . : . 150 For a proper determination of Se parameters, we represent
5 1o 15 20 % Lu and Sun’s data on the right ordinate axis in Fig. 2 in the
dnm] spirit of Eq. (6), together with a fit to such E@6). For these
FIG. 5. Plot ofAH timesd vs d. Left axis: our data for Ni from ar'norp.hous Se-annealed samples, we obtain that .the GB
Ref. 15; right axis: Lu's data from Ref. 13. Fits according to Eq. Width is 2.5 nm; and the GB energy is 0.4 3/m_ssum|_ng
(8). This plot suggests a decreaseyigs as grain sizel decreases. N€ir geometric factor, and 0.36 Jrassuming cubic grains.
The GB width is significantly larger than in the metallic
TJ's). Also clear is the fact that for both grain siz&2 and ~Sample, but the difference may be due to the fact that Se
5.2 nm), the width of the GB, that we calf, and the density Samples are originally amorphous and grains grow by recrys-
of energetic atoms, that is relatedtdn Eq. (6), are similar. ~ tallization. This procedure does not guarantee that the crys-
This average analysis suggests then that the nature of tglline nucleus fills up all the volume. It is interesting to note
GB in NC metals is quite independent of the grain sizethatin the linear representati¢hig. 2) the data points show
However, it is only a small portion of the information that much less dispersion than in the nonlinear representation
can be obtained from computer simulations. In fact, in a(Fig- . We believe that this provides support to the assump-
previous paper we presented an exhaustive analysis of pa#ons made in deriving Eq6); that is, the nature of the GB
ticular GB's showing their structure and energetics dependiS independent of grain size. In summary, we conclude that
ing on the missorientation parameters. In real experimentd€ description given by Lu and Sun of the GB enthalpy does
however, it is this kind of average that is obtained from DSCNOt correctly take into account the finite width of the GB,
measurements, while direct observation requires other, mof@d therefore leads to an apparent decrease of the GB energy

sophisticated, techniques. These observations justify the a¥ith decreasing grain size. _ _
sumptions made in Sec. I. Another recent publication on computer simulations of

TJ’s, that also considers the grain boundary surface as pro-
portional tod instead tod— &, is due to Srinivasaet all*
They concluded on a negative TJ enthalpy by the following
enthalpy balance:

In a recent paper, Lu and Sun determined the excess en-

: (€)

w
N
1

41.80

AH,, d [eV/inm?]
[;wu/As] p SHY

284 H1.65

IIl. COMPARISON WITH OTHER WORKS IN THE
LITERATURE

thalpy of NC seleniurf? obtained by recrystallization from B ~9'ves  9"vm

the amorphous phase. Using the simple relation AH=7ycpSeet 7’TJ'TJ——d + 97 (10)
AH = '}/GBSGB, (8) then

and Sgg=3.34M, the authors determinedycg as ygs AHd?=g’ ygpd+ 9" 1. 11

=AH/Sgg=AHd/3.34. If ygg is independent odl, a plot of

AH timesd versusd should give a constant horizontal line at  In these expressiong)’ and g” are positive geometric

y=17ygs. Instead they obtained a line that has a negativeeonstants. Equatiofill) is used in Ref. 14 to calculate both

curvature and a positive slope. They arrived at the concluy's from the AH measured in simulations.

sion that a significant decrease of the GB enthalpy as the By comparing Eqgs(5)—(7) and (9) and (10), we know

grain size decreases indicates that the GB’s nature depentisat multiplying AH times d? gives a straight line; this is

on the grain size. what we already represented in Fig. 2. Interpreting the curves
In view of the calculations presented in the preceding secin Fig. 2 as a fit to Eq(10), for Ni we obtain slopey’ ygg

tions, we can interpret the conclusions of Lu and Sun as a&=38eV/nnf and a negative independent termg”yr,

consequence of a wrong account of GB area and energy ba- —26.4 eV/nm. Note that the negative sign in the indepen-

ance in the NC phase. In fact the difference between &jjs. dent term in Eq(7) appears as a consequence of thes

and (8) is the origin of the dissimilar conclusion. Using our variable used in the measure of surfaces. Instead, ir1By.

results from the simulation@able ), and making a plot of we obtain a negative value for a quantity that is assigned to

AH timesd versusd, we obtain the curve shown in the left the triple-line enthalpy. This led the authors of Ref. 14 to

ordinate axis in Fig. 5, which looks very similar to Lu and conclude that a negative line tension was obtained. In their

Sun’s results, which are represented in the right ordinateliscussion session, the authors of Ref. 14 clearly stated that a

axis. It appears evident that such a plot suggests a decreasenegative value is a consequence of the reference state con-
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sidered, defined by the particular accounting method. Weasanet al,'* showing that concepts such as negative TJ
believe that our description of the defect length and area ienthalpy density are not necessary for the interpretation of

clearer, as no negative energy densities appear. their numerical simulations.
Computer simulations also provide more precise values of
IV. CONCLUSIONS the GB excess enthalpy that do not require an assumption on

. . i ‘the geometry of the grains. For each particular boundary we
The computer simulations provide easy access to graigan define a region on a given GB plane, far from its bound-

boundary enthalpies. The total excess enthalpy approaciyies, that is the portion of the GB that effectively divides
used here allows a direct comparison with experimental megy,q grains; that is, we can avoid contributions from triple or
surements on nanocrystalline samples. Our calculation SUGigher points. The energy of atoms in this fragment of the
gests that since in the nanometer regime the GB width angg together with those located in a volume inside both
grain size are of the same order of magnitude, a proper agains along the GB'’s normal direction, can be compared to
count of the amount of defects appearing in the enthalpyhe perfect crystal value to obtain the GB energy. In this
balance is essential to give a correct picture of the energethﬁay, we reported in Ref. 9 that a GB close to a low-energy

involved. Moreover, our results show that the energy storeqyin hasygg=1.1J/nf, while a highly disordered GB gives
in the TJ's is the same kind of energy as stored in the GB's,, __—1 g J/n?.

and is related to the disorder that characterizes these regions;
any other contribution, such as elastic deformation energy,
gives values much lower than those associated to the disor-
der. This, in turn, allows us to reinterpret the experimental
results of Lu and co-workets'? and to provide numerical ~ This research was supported by the Swiss National Sci-
values for their NC Se GB surface enthalpy density and GBence Fund, Grant No. 21-46832.96, and partially by
width. Additionally, we also reinterpret the results of Srini- CONICET Argentina PIP0664/98
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