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Variation in micro-hardness across a grain boundary, a well-documented effect found in
many materials, is here confirmed for zone-refined iron containing 170 at. ppm of tin.

Elastic recovery of the impression-diagonal was practically negligible but considerable
recovery occurred in the direction of the indentation penetration depth. The latter is different
for impressions located at grain boundaries compared with those located at grain interiors,
when small loads are applied; however, this difference diminishes with increasing load.
Excess hardening at grain boundaries also decreases as the load increases. The results are
discussed in terms of the elastic-plastic properties of the material sampled by the
impression, and evaluations of some of the parameters are presented. The correlation
between grain-boundary hardening and elastic recovery of theimpressions is also indicated.

1. Introduction

It is well known that micro-indentation hardness
testing is sensitive to inhomogeneities in the
microstructure of metallographic specimens. In
recent years, this technique was successfully used
in studies of the phenomena associated with grain
boundaries. It was shown that with a suitable
load on a properly prepared specimen surface,
the hardness of the material at or in the vicinity
of grain boundaries could be compared with the
hardness of the grain bulk remote from grain
boundaries [1]. Such a comparison revealed that
in very pure metals subjected to quenching
treatment, an apparent softening occurred at
grain boundaries and their immediate vicinity.
Addition of certain alloying elements changed
this to an apparent increase in hardness at the
boundaries. An apparent softening is believed to
be associated with the annihilation of quench-
produced vacancies at grain boundaries that
otherwise contribute to the hardening at loca-
tions remote from grain boundaries [2]. The
excess hardening observed in the presence of
certain solute atoms is believed to be due to
solute clustering in the vicinity of the interface as
a result of the vacancy gradients which exists
there. In the case of pure iron, however, there is
no evidence showing softening at grain

boundaries, but there is evidence for an increas-
ing excess hardening at grain boundaries with
increasing impurity content [3].

It is the aim of this paper to establish whether
grain-boundaryhardeningin iron and iron alloys,
as revealed by the use of a micro-indentation
technique, is a property of the grain boundaries
throughout the bulk of the material that can be
understood in terms of a “normal” hardening
process (such. as precipitation or solid solution)
or whether it is an effect intrinsic to micro-
indentation hardness testing. For these reasons,
and in order to achieve a better understanding of
the phenomena occurring at grain boundaries,
the analysis of the micro-indentation technique
and boundary hardening calls for closer scrutiny.

2. Preliminary consideration of the
micro-indentation hardness testing
When a pyramid indenter is pressed into a metal,
there is, at first, an elastic deformation front*
which moves below the indenter, followed by a
curved zone of plastic deformation as the
pressure increases. The pressure distribution is
not known analytically, but is believed to be
roughly uniform, with a high region in the centre
and a rapid fall-off near the edge of impression.

All the experimental evidence so far indicates

*Elastic deformation front is visualized as a boundary between the rigid matrix and the zone where the elastic and
plastic components of the strain are of comparable magnitude.
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Figure 1 Geometry of the micro-indentation (detailed explanations are given in the text).

that the deformation mechanism which operates
during indentation of a metal by a pyramid
indenter resembles a uniform radial compression.
The boundary between the zone where the
material is plastically deformed (work-hardened)
and the zone where the material is stressed to the
yield point but remains rigid, because of the
constraint of the non-plastic matrix, is approxim-
ately a hemisphere that is almost unaffected by
the detailed shape of the impression itself [4].
Fig. 1a shows the material during loading by an
indenter; do and A, are respectively the diagonal
and the depth of the indenter penetration; ro is
the radius of the zone of plastic and elastic
deformation and rp is the radius of the zone of
plastic deformation.

Upon removal of the indenter, the impression
undergoes elastic recovery. The unrecovered
residue of the impression is determined by the
material plastically deformed with a local
hardening gradient forming a “zone of influence”
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around the impression. This is illustrated in
Fig. 1b, which shows the impression after
removal of the indenter from a metal; dy and 2y
are respectively the diagonal length and the depth
that remain in the material after removal of the
indenter, whereas de and k. are respectively the
amounts of the contraction that the impression
undergoes in the directions of diagonal and depth
of penetration. According to a rather simplified
model proposed by Mulhearn, the strain pattern
in the neighbourhood of an impression is
reasonably well expressed by the relationship [5].
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where ¢ is the strain, 8 is the angle between the
faces of the indenter and equal to 138°, a is the
side of an impression, and r is the radius of a

hemisphere (zone of influence) across which the
material flows radially and uniformly; this radius
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is generally assumed to be 10 to 15 times the
depth of the indenter penetration [6, 7].

Considerable experimental evidence indicates
that elastic recovery of an impression in the
direction of the diagonal is practically negligible
[5, 6] whereas recovery in the direction of depth
of the impression is substantial. This phenom-
enon can easily be understood in terms of the
penetration mechanism of the pyramid indenter,
since the heavy specific pressure on the sharp
edges of the indenter leads to an irreversible
deformation along the diagonals [6]. As a result,
the impression that remains in the material is in
all circumstances that of the indenter during
loading.

In addition, it is of interest to note that a
similar phenomenon was observed when a metal
was loaded with a conical indenter; no change or
practically negligible change was observed in the
diameter of the impression, but a considerable
decrease was found in its depth [8].

Measurements of elastic recovery by various
authors have yielded reasonable consistent
values. It was found to be negligible for very
soft metals such as lead, 1 to 109, for Al, 5 to
209 for Cu and 10 to 309 for steels [6].

The problem of elastic recovery has been
treated theoretically by Love [9] who, using
Boussinesq’s solution for the deformation of a
flat surface by a rigid cone of apical angle 0,
derived a relationship for the elastic recovery of
the conical indentation in the direction of depth
of penetration that is expressed by

he = g a cotg @)
where ke is the elastic recovery, a is the radius of
the indentation. According to Love’s analysis
there is a correlation between the apical angle
and the mean pressure (p) over the contact region
that is given by

]
) Ecoté 3)
2(1 — v?)

where F and v are Young’s modulus and Poisson
ratio respectively of the specimen. On the other
hand, since the mean pressure and load (L) are
related by p = L/a? w, the expression for elastic
recovery in the direction of depth becomes:

g\* 1 — 2\ %
hez(gcot—2> ( E”) LE @)

This expression has been experimentally

tested by Stilwell et al/ [8] on various metals,
using a tungsten carbide cone. The general trend
and the actual values of the elastic recovery,
including the recovery of the indenter itself,
agree very well with the values predicted by
Love’s analysis.

It should be noted, however, that Love’s
analysis has some limitations arising from the
assumption that the recovered indentation is
bounded by a flat undistributed surface and that
it has straight sides. In practice, the free surface
is rarely flat owing to the sinking-in or piling-up
effects, but these changes in the indentation
modes do not seriously affect the elastic analysis
[8]. On the other hand, if the sides of the indenta-
tion are considerably curved, as in the case of
large recoveries, the above analysis cannot be
freely applied, because pressure distribution and
deformation are not accurately accounted for by
this analysis. Consequently this approach cannot
be used while dealing with highly elastic mater-
ials (polymers, for instance). However, recovery
in metals is relatively small [6] and the sides of
the indentation are fairly straight. Thus, this
analysis is reasonably valid.

3. Experimental procedure

Zone-refined iron containing 170 at. ppm of tin
was used in the present work. This material was
chosen because an excessive hardening had been
detected at grain boundaries; annealing treat-
ments and possible causes for such a hardening
are described elsewhere [10]. Annealed speci-
mens for metallographic (interference micro-
scope) and micro-hardness testing were first
ground on wet silicon-carbide papers and
polished on 6 and 0.25 um diamond paste. To
obtain reliable micro-indentation hardness data,
it was necessary to remove the strained surface
layer [11] by electropolishing. Details concerning
the electropolishing conditions are given else-
where [3].

The micro-indentation hardness measurements
were carried out with a Reichert Micro-
Indentation Tester equipped with a diamond-
pyramid indenter. The load used in this study
was in the range 3.3 to 25 g, corresponding
diagonals were from 7 to 24 pm. The time of
loading was 5 sec; longer times were used when
higher loads were applied, but never longer than
10 sec. Each reported value is the average of ten
readings at randomly selected points on either a
grain boundary or a grain interior. The grain-
boundary indentations were located on the
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Figure 2 Micro-indentation hardness profiles of a grain boundary in Fe ~ 170 at. ppm

different loads.

grain boundary (& 0.5 um) and away from the
three-grain junction, whereas the grain-interior
indentations were taken at the centre of the
grain.

In order to minimize the error due to lack of
contrast, all measurements were performed using
polarization contrast; the error in measuring the
indentation diagonal was estimated to be 4- 3 9.

4. Results

4.1. Grain-boundary hardening

The results of the measurements using different
loads are shown in Figs. 2 and 3. Hardness-
distance profiles for some of the loads applied on
the indenter are seen in Fig. 2, whilst the
dependence of the peak hardness increment
(4H/Hg) as a function of indenting load is
shown in Fig. 3.

It is evident from Fig. 2 that the magnitude of
hardening at the grain boundaries and at any
given position relative to the grain boundary
decreases with increasing indenting load, whilst
the extent of the hardness region is independent
of indenting load. A possible interpretation of
such a dependence can be envisaged in terms of
the volume of a material that is sampled by the
indenter. In other words, applying larger loads
increases the volume that is tested and thus
changes the effective resolution of the technique.
It is the decrease in resolution with increasing
load on the indenter that is believed to be
responsible for the change in peak hardness with
load as seen in Fig. 3. In other words, the smaller
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Figure 3 Variation of the grain-boundary hardness
increment with load.

the indenting load, the smaller will be the
difference between the apparent (measured) and
the true hardness/distance dependence in the
vicinity of a grain boundary. On the other hand,
the constancy of the width of the hardened
region around the boundary for different
indenting loads (Fig. 2) indicates that a change
in the volume which is tested (resolution of the
technique) for the range of loads used does not
affect the width of the apparent zone of harden-
ing, found to extend ~ 40 pm on either side of
the boundary [12]. Hence, it is believed that this
is the extent of the true hardening.

4.2. Zone of deformation around the
indentation
In view of the above results, it was considered
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interesting to determine the extent of the
deformed zone associated with a micro-
indentation. The plastic component of this zone,
i.e. the work-hardened region around the
indentation, is rather simple to determine as it is
associated with the plastic deformation that
remains permanently in the material upon
removal of the indenter. The extent of this zone
of plastic deformation was determined by
traversing the vicinity of several big indentations
made by loads ranging from 10 to 30 g with a
load of 3.3 g. Because of the grain-boundary
hardening effect, all the big indentations were
located in the centres of the grains; the grain size
of the specimen used was 500 um. The distances
between the centres of the indentations were
measured and the hardness/distance profiles of
the work-hardened zone for each load used were
obtained. As an illustration, Fig. 4 shows
hardness/distance profiles for loads of 10, 20 and
30 g. From this figure, it is clear that the hardness
in the vicinity of the impressions decreases
rapidly with increasing distance from the centres
of these indentations and levels off with the bulk
hardness at some critical distance. In Fig. 5 are
shown the same data for the hardness/distance
profiles but as a function of the ratio r/h,, where
r is the distance between the centres of the
indentations and 4, is the depth of penetration
during loading (see Fig. 1) calculated from
measured diagonals and known geometry of the
indenter, for the loads used, bearing in mind the
fact that diagonals are not affected by the elastic
recovery that indentations undergo after removal
of the indenting load.

From this figure, it is clear that all the data fall
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Figure 4 Hardness/distance profile near the big indenta-
tions obtained by traversing the vicinity of these indenta-
tions by the load 3.3 g.
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Figure 5 Variation of hardness near the big indentations
with the ratio r/Ao.

on one master curve, and hardness gradually
decreases with increasing r/ho, finally levelling
off at some critical value of this ratio; this value
appears to be 10. In other words, the distance to
which a work-hardened region extends is ~ 10
times the depth of the indenter penetration. This
is consistent with values previously reported in
the literature [6, 7].

4.3. Elastic recovery of the indentations

The extent of elastic deformation around the
indentation or the elastic component of the
deformed zone is rather difficult to determine.
Nevertheless, some insight into the order of
magnitude of this deformation can be gained by
determining the elastic recovery that the
indentation undergoes after removal of the
indenter.

Bearing in mind the fact that recovery of the
indenter diagonal is negligible, that is to say
dp ~ do, it follows from Fig. 1 that the depth Ay
that remains in the material is given as

hp = A~ A tan,OLp

Np)

where «p is the wedge angle that remains after
removal of the indenter. This angle was deter-
mined interferentially using the Zeiss Interference
Microscope and a modified formula due to
Mykura [13].

do
5 )

A
sin 2ap = — (6)
where A is the wavelength of the light used
(A = 0.54 uym) and y is the spacing between
fringes measured from the interferograms, such
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Figure 6 Interferogram of the micro-indentation located at
grain boundary (x 350).

as shown on Fig. 6. This modified formula had
to be used since the usual formula

A
hy =m 3 @)

is valid only for small wedge angles [13, 14]. The
fractional error involved in using Equation 5 to
determine the depth A, is approximately 0.1/n
where # is the number of fringes observed [13].
The elastic component of the depression, i.e.
the elastic recovery in the direction of depth of
penetration (%), was obtained as a difference
he = ho — hp ®)
and with the calculated errors is shown in Fig. 7
as a function of applied load. From this figure, it
is apparent that elastic recovery, ke, increases
with increasing the load on the indenter. It also
appears that the recovery of an indentation
located in a grain is greater than that of one
located at a grain boundary, where smaller loads
are used. For higher loads applied on the
indenter, elastic recovery of a boundary indenta-
tion approaches that of a grain indentation. This
dependence of elastic recovery is even better
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illustrated in Fig. 8, which shows elastic recovery
of indentations defined as he/ho in per cent,
as a function of load. It is clear that the elastic
recovery of indentations located in the grain
interior shows a slight decrease while that of
indentations at the grain boundaries shows an
increase with increasing indenting load. For
loads above 20 g the recovery of the boundary
indentations attains the value of that of the bulk
indentations, ~ 229, and is apparently indepen-
dent of further increase in load. This value for the
recovery compares well with values previously
reported in the literature for the elastic recovery
of micro-indentations in iron [6].

It should be emphasized, however, that this
high value for elastic recovery of micro-
indentations defined as per cent %e/fo, does not
correspond to the elastic strain limit of iron,
generally accepted as ~ 0.1%. On the other

30 — -

_ 20 b

© GRAIN INTERIOR |
® GRAIN BOUNDARY
\

ELASTIC RECOVERY, (PCT.h./h,)
T
[
L]
.
1

o ] ! ! i ! 1 I I 1 1
o] 4 8 12 16 20 24
APPLIED LOAD,(GRAMS)

Figure 8 Variation of the elastic recovery defined as
percentage of he/ho of the micro-indentations located at
grain boundary and bulk of the material.



GRAIN-BOUNDARY HARDENING AND ELASTIC RECOVERY OF MICRO-INDENTATIONS

hand, since the elastic recovery of indentations
depends upon Young’s modulus, an interpreta-
tionin terms of the difference betweent the elastic
modulus of the boundary region and that of the
bulk of the crystal would seem feasible.

Inorderto derive the elastic modulus and, also,
to establish whether Love’s analysis is applicable
in the case of the diamond pyramid indenter, we
shall assume, to a first approximation, that a
pyramidal indentation is identical to a conical
indentation. This assumption is fairly reasonable
since tne deformation patterns and the extents of
the deformed zones associated with conical and
pyramidal indentations having the same apical
angle, 138°, are identical [4]. Thus, using
Equation 4 and inserting the values for v and E
for iron, ie. v =028 and E =20 x 10?
kg/mm? [15], the elastic recovery 4. for micro-
indentations located in the centres of the grains
can be calculated. The calculated values of A.©
are shown in Fig. 7 as a continuous line. Both the
general trend and the actual values of the
calculated curve compare well with the experi-
mentally determined points. This good agree-
ment between the calculated and experimental
values enables the use of the same equation to
calculate the values of the apparent elastic
modulus Eg, using the experimentally deter-
mined values of 4%, provided it is assumed that
the value for the Poisson’s ratio remains the
same, i.e. v = 0.28. The calculated best value for
the apparent Young modulus of the bulk of the
material is found to be E¢ = 19.5 x 103 kg/mm?2.

In view of these considerations, and from Fig.
7, it would appear that the elastic recovery of
indentations located at grain boundaries, in the
load range <25 g, may be expressed by an
equation similar to Equation 4, i.e.:

B_7_T 9n.1—U32n.n
he —<200t2> ( o L &)

where n = %, and vs and Ejy are the Poisson’s
ratio and the Young’s modulus describing the
elastic properties of the grain-boundary “mater-
ial”. The exponent n can be determined from a
linear plot of log A® versus log L using the
experimental points, and is found to be 0.77. By
inserting this value in Equation 9 and taking
vp = 0.28, one can calculate Ep using the
experimentally obtained values for the elastic
recovery of micro-indentations located at grain
boundaries (#.2). The value of elastic modulus,
Eg, calculated in this way is found to be 15 x 10?
kg/mm?, and is independent of load in the load

range considered. Equation 9 with inserted
values for Eg, v and 7 is also shown on Fig. 7 as
a continuous line; it is clear that there is a good
fit.

It should be pointed out that the approach
described above would not be invalidated even if
a different value for vg were taken. Calculations
have shown that using values between 0.25 and
0.45, generally regarded as the range for
Poisson’s ratio for metals [16], does not alter
significantly either the general trend of Equation
8 or the calculated values for Eg and /8.

5. Discussion

The experimental results have unambiguously
established that there is a difference in the
behaviour of the micro-indentations located at
grain boundaries compared with the behaviour of
those located in the bulk of the material. The
elastic recovery that these indentations undergo
following removal of the indenter, is found to
take place almost entirely in the direction of the
depth whereas the contraction of the diagonals is
practically negligible. The amount of contraction
in the direction of depth (%) is load dependent;
in the low load range (<< 25 g), this contraction
is larger for the bulk indentations than for those
located at the grain boundaries. For loads above
25 g, there is no difference in the amount of
contraction for bulk and boundary indentations.

This load dependence is consistent with the
grain-boundary hardening which is found to
diminish as the load on the indenter is increased.
This can be explained in terms of the poor
resolution of the micro-indentation technique
when higher loads are applied. In other words,
when the higher loads are applied, the indenter
samples, not only the boundary material but also
the bulk of the crystal. In such a case, the contribu-
tion of the former to the elastic recovery
becomes negligible in comparison with the latter,
since the greater part of the volume sampled by
the indenter is comprised of the bulk material.
Thus, whatever the cause for the behaviour of
grain-boundary micro-indentations at lower
loads, it is clear that it is averaged out when
higher loads are applied.

The disappearance of boundary-hardening
with increasing load is also consistent with the
disappearance of the diversity in the elastic
recovery behaviour of the micro-indentations
located at grain boundaries and in the bulk of the
material. Such a good correlation between these
two effects implies that they are not due to the
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intrinsic nature of the micro-indentation testing
but are rather a measure of a property of grain
boundaries throughout the crystal.

Further confirmation that such inhomo-
geneities are present in polycrystalline specimens
come from a strong grain-boundary contribution
to electrical resistivity. It has been shown that
the observed variation of resistivity with grain
size can be explained in terms of a narrow grain-
boundary layer of higher resistivity than the
remainder of the crystal [17].

Hence, it is believed that both effects, i.e.
grain-boundary hardening and the difference in
the elastic recovery, are associated with the
presence of a narrow band of material around the
boundary that is harder and has different elastic
properties. Introduction of the elastic modulus
concept to account for the local relation between
stress (Joad) and strain emphasizes the difference
in behaviour of the grain boundaries and the
bulk of the material when small forces (loads up
to 25 g) are applied on the indenter. However,
this tentative, and in some cases very successful
way of interpreting the results on grain-boundary
hardening, in no way implies that the observed
grain-boundary hardening can be entirely
explained in terms of the change of the elastic
properties. Furthermore, the real difficulty (and
danger) in using the approach freely lies in the
fact that some of the premises on which it is
based are approximations rather than precise
definitions with unambiguous meaning. Never-
theless, whatever the detailed mechanism of the
grain-boundary hardening may be, it is clear that
it also affects the elastic properties of the
material near and at the grain boundary.

Finally, application of Love’s over-simplified
analysis of elastic deformation shows that there
is a very good agreement between experimental
and theoretical predictions, suggesting that the
basic model is reasonably valid and that it may
satisfactorily be applied.
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