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A technique for the measurement of
diffusion creep from marker line

displacements

E. H. AIGELTINGER

Department of Metallurgy, University of Melbourne, Parkville, Victoria, Australia

A procedure is presented which allows the determination of the relative displacement of
grains across a common grain boundary during diffusional creep deformation. This
relative displacement comprises the strain produced by accretion of material at the grain
boundary and by grain-boundary sliding. The only measurements necessary are of marker

line displacements across the grain-boundary.

1. Introduction

To date, the observation of structural changes
which accompany diffusion creep in poly-
crystalline materials (excluding wires having a
bamboo structure) is limited to two-phase
structures. Work employing second-phase par-
ticles [1-5] has given structural evidence of
diffusion creep; however, . the quantitative
correlation between measurements based on
these materials and the macroscopic creep
behaviour is limited [2-5].

In the case of single-phase materials mechani-
cal behaviour has been used exclusively to
monitor diffusion creep with the exception of
some work which indicates that the angular
distribution of grain-boundary sliding is different
during diffusion creep than during creep at
higher stresses [6]. The lack of quantitative
structural observation is, at least in part, a result
of the fact that no simple technique is available
to monitor changes on a microscopic scale. Lee
[7] proposed a method which can be used (if his
equation for total grain-boundary strain is
modified [8]) to determine the average amount
of “grain-boundary strain” or strain produced
by diffusional accretion at the grain boundaries.
In principle, his method can be used to deter-
mine the relative movement of grains with
respect to individual grain boundaries; however,
his experimental procedure is considerably
more difficult than that proposed here as it is
necessary to construct a grid of precisely known
line spacing on the sample surface. In contrast,
the method proposed here requires only that
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the marker lines be straight, they can be ran-
domly spaced, as it is only necessary to measure
marker line offsets across the grain boundary.

The procedure presented here allows the
determination of the relative displacement of
adjacent grains which accompany diffusion
creep. The displacements produced by accretion
(or removal) of material and by grain-boundary
sliding can be established from the measured
marker line offsets.

2. Determination of the diffusional and
sliding components

The method requires the use of two sets of
surface marker lines, ideally at 90° to each other
and at 45° to the stress axis; however, these
angles are arbitrary and it is only necessary that
they lie at a reasonably large angle to each
other (greater than about 70°) and to the stress
axis (greater than about 35°). A photomicro-
graph of a copper sample after creep (35 h at
805°C at a stress of 5 MPa, 3.4% strain) with
two sets of marker lines is shown in Fig. la.
The sets of marker lines both make an angle of
38 4+ 1° with the stress axis and 76 + 1° with
each other (the stress axis here bisects the angle
between the sets of marker lines; however, this
is not necessary). Fig. 1b shows a magnesium
alloy after 6.59% strain. There are three sets of
marker lines on this sample, two at an angle to
the stress axis and one parallel to the stress
axis (vertical direction in Fig. 1b). The diffu-
sional and sliding components across individual
grain boundaries are determined as follows.
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Figure 1 (a) Copper after creep for 35 h at 805°C under a
stress of 5 MPa, 3.49%, strain ( X 80). The stress axis is
vertical and the marker lines are inclined at 38° to the
stress axis. (The stained and spotty appearance is due to
the process used to obtain the marker lines.) (b) Mag-
nesium alloy ZRS55 (Mg-0.6 wt% Zr) extruded bar
annealed for 12 h at 550°C in hydrogen. Tested at 450°C
for 75 h under a stress of 4.6 MPa, 6.5%, strain (X 65).

In general, there are displacements of grains
across grain boundaries which lie at angles
greater than about 45° to the stress axis pro-
duced both by accretion of material and by
grain-boundary sliding. The magnitude and
direction of the total displacement can be
determined from the offsets of two sets of
marker lines constructed as described above.
(For example the total displacement of the dis-
placed grain in Fig. 2b is the vector sum of D
and S.)

The displacement vector can be broken down
into two components, one produced by the
accretion of material and the other by grain-
boundary sliding. The sliding component is of
course parallel to the grain boundary concerned,

but two definitions of the accretion component
have been put forward. The first puts the direc-
tion perpendicular to the grain boundary [9,
10] and the second puts it parallel to the stress
axis [11]; it should be noted that the magnitude
of the sliding component is different for these
two cases.

The argument for taking the accretion com-
ponent parallel to the stress axis as developed by
Gifkins er ol [11] is based on the necessity of
maintaining coherency of the grains during creep
(of a regular hexagonal array) and on the fact
that the work done by diffusion is maximized.
This direction is employed in the examples and
calculations presented here because it appears to
be more realistic in the case of a polycrystalline
material [11]. However, as pointed out above,

Figure 2 (a) Schematic illustration of grain-boundary
marker line configuration before deformation by accre-
tion of material and sliding. The grain boundary (GB) is
represented by dark lines. The stress axis (SA) is vertical
and the two sets of marker lines are labelled 1 and 2. (b)
After deformation. Only the marker lines indicated by
arrows in (a) are shown.
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the analysis presented here determines the
relative displacement of adjacent grains from
marker offsets, and it is then possible to break
this down into diffusional and sliding com-
ponents according to a chosen definition.

Consider the schematic grain boundary and
marker lines shown in Fig. 2a illustrating the
geometry prior to creep. The stress axis is
indicated by the vertical lines and the grain
boundary lies at some arbitrary angle to the
stress axis. The two sets of marker lines, labelled
1 and 2, lie at angles ¢ and —¢ to the stress axis,
respectively. Positive angle is taken counter-
clockwise to the stress axis.

Fig. 2billustrates the geometry after creep. The
grain-boundary line has become a band lying
between the dotted lines (G.B. zone) as a result of
diffusional accretion of material. The accretion
of material at the grain boundaries, which are
roughly transverse to the stress axis, produces a
groove where these grain boundaries intersect the
sample surface (see Fig. 1). Unfortunately, the
amount of diffusional accretion cannot be
accurately determined from the width of these
grooves because their edges are rounded by
surface diffusion. The diffusional and grain-
boundary sliding components can be determined
from the displacement of marker lines in a
direction parallel to the grain boundary.

In Fig. 2b the upper grain has been displaced
arbitrarily with respect to the lower grain
(fixed grain) in directions parallel to the grain
boundary and to the stress axis. The displace-
ment parallel to the stress axis produced by
diffusional accretion is referred to as the
diffusional component, D, and sliding parallel to
the grain boundary is referred to as the sliding
component. It is shown that both sets of marker
lines have been displaced a distance S parallel
to the grain boundary as a result of grain-
boundary sliding. This distance remains to be
established, it is only known that it is equal for
both sets of marker lines. If the marker lines
in the displaced grain in Fig. 2b, 1 and 2, are
imagined to be moved this distance in a direc-
tion opposite to the sliding direction the line
positions 1’ and 2’ are obtained. This is the
position the marker lines would have if only
diffusional accretion had occurred and no sliding
had taken place.* The distance between the
sets of marker lines 1’ and 2’ and the extensions
of the respective marker lines from the fixed

grain, shown by dotted lines in the displaced
grain, in a direction parallel to the stress axis, is
D. The apparent sliding distances, S, and S, are
the displacements of the marker lines parallel to
the grain boundary produced by diffusional
accretion.

It is apparent from Fig. 2b that in order to
determine the unknown values of D and S, two
triangles must be considered, one for each set of
marker lines. For each triangle two sides and
two angles are of importance, D, S,, ¢ and y and
D, S, ¢ and 8 for the iriangles associated with the
marker lines labelled 1 and 2, respectively.

In order to establish S, and S, the sliding
direction must be determined from the marker
line offsets as follows. Let a, and b, be the res-
pective offsets in a direction perpendicular to the
stress axis and let @ and b, the offsets parallel to
the grain boundary, be positive if the offset is
toward the stress axis and negative if the offset
is away from the stress axis. (The stress axis is
assumed to lie along a line between the two
marker lines under consideration.) There are
two possibilities:

(1) Ifa, > b, then sliding is to the right and:

Se=a—~§ (1)
Sb - b + S

(2) If b, > a, then sliding is to the left and:
S, =a+ §
Sb = b - S

where S is not yet known. According to the law
of sines,

sinf _ sing
D S,
and
siny sin
D T, @)

where ¢ and y are angles in the triangles men-
tioned previously (see Fig. 2) between the grain
boundary and the respective marker lines.

Combining Equations 1 and 2 and solving
for D

sin 8§ sin y
D=@(}B+ 3"~ =(g— 85—
®+ )sin¢> (@ S)sin<p OF
Let
sin sin y
s = Mgy F

*This neglects the influence on the marker line positions of grain-boundary sliding which produces an offset in a
direction perpendicular to the sample surface. This factor is considered in detail in Section 4.
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Solving Equation 3 for S

afl — ba
S=TE @
Combining this with Equation 3 gives for D
_afa+bh)
b=="3F ©)

Equations 4 and 5 give D and S in terms of
measured quantities. The quantities which must
be measured are the displacement of marker
line 1 parallel to the grain boundary, a, the
analogous displacement of marker line 2, b, and
the angles ¢, v, ¢ and ¢ which are the angles
marker lines 1 and 2 make with the stress axis
and grain boundary, respectively (see Fig. 2).

Under diffusion creep conditions, grain
boundaries which make an angle less than about
45° with the stress axis lose material and the
grains on either side of the boundary move
together (no grain-boundary zone is formed in
this case). Here also the diffusional component
perpendicular to the stress axis and the sliding
component parallel to the grain boundary can
be established from offsets of the two sets of
marker lines. This is illustrated in Fig. 3. The
measurements and equations are the same as
those used in the case of diffusional accretion
illustrated in Fig. 2 (in this case ¢ and b are
parallel to the stress axis).

It should be noted that in cases where denuded
zones can be etched up on the sample surface it
may be possible to use the width of these zones
and the offsets of one set of marker lines to
establish relative grain displacements. However,
this procedure does not allow the determination
of the amount of material removed from grain
boundaries which lie at angles less than about
45° to the stress axis as no denuded zones are
formed at these grain boundaries.

3. Experimental technique

Ideally a number of marker lines of both sets
should intersect a given segment of grain boun-
dary so the marker lines used must be fine and
closely spaced. Diffusion creep generally occurs
at conveniently measurable rates only in struc-
tures with a grain size of about 100 pm or less.
Therefore, the marker lines should have a
spacing of about 10 um or less and be 1 to 2 um
in width. A satisfactory array of lines can be
obtained by polishing with diamond powder (4
to 8 pum).

Figure 3 (a) Schematic illustration of grain-boundary
marker line configuration before deformation by removal
of material and sliding. Grain boundary (GB) is represen-
ted by dark lines. The stress axis (SA) is vertical (SAN
is the normal to the stress axis) and the two sets of
marker lines are labelled 1 and 2. (b) After deformation.
Only the marker lines indicated by arrows in (a) are
shown.

In order to obtain measurable marker line
offsets a creep strain of a few per cent should be
obtained. For example, for copper of 50 to 100
pum grain size this means a test of about 35 h
duration at about 800°C. Marker lines of the
necessary fineness, scratched on the copper
surface, are destroyed by surface diffusion during
a test under these conditions. This problem has
been overcome in the case of copper by coating
the polished surface with a thin layer of vapour-
deposited carbon and placing the fine marker
lines in this layer. These marker lines remain
observable under the test conditions mentioned
above. A photograph of a surface after such a
test is shown in Fig. la. To illustrate the applica-
tion of the measurement technique two examples
from this sample will be considered.

A segment of a grain boundary is shown in Fig.
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(b}

Figure 4 (a) Area from sample shown in Fig. 1 showﬂag
detail of marker lines and grain-boundary zone pro-
duced by accretion of material and sliding (x940). (b)
Tracing of (a) showing the grain-boundary zone (shaded)
and one marker line (ML) from both sets. The grain-
boundary tangent (GBT) and stress axis (SA) are
indicated. Measured angles and marker line displace-
ments are: ¢ = 38°, y = 52°,a = 3.0 pm, ¢ = 38°, 8 =
53°and b = 2.1 pm.

4a (the marker line offsets in Figs. 4a and 5a can
best be seen by holding these figures at a low
angle to the line of sight) and a tracing of this
area is shown in Fig. 4b which includes the grain-
boundary zone, one marker line from both sets
and the data necessary to determine D and S.
The values obtained are 3.3 and 0.4 pm, res-
pectively. These values hold only for the point
where the grain-boundary tangent is taken in
Fig. 4b since the values of D and S vary con-
tinuously along the grain boundary as a function
of the orientation of the grain-boundary tangent.

Another grain boundary which lies roughiy
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parallel to the stress axis and has lost material
is shown in Fig. 5a and a tracing of the area is
shown in Fig. 5b. The measured quantities are
indicated and S and D are found to be 1.3 and
1.5 um, respectively. Again these values hold
only for the point on the grain boundary where
the grain-boundary tangent is taken in Fig. 5b
since they vary as a function of the orientation
of the tangent. In Fig. 5b the tangent is the same
over a segment of the boundary, thus the values
of S and D are constant over this segment.

For magnesium, marker lines of the necessary
fineness remain observable after tests of four
days or more at 450°C. No carbon coating is

necessary.
It should be noted that the offset measure-

Figure 5 (a) Area from sample shown in Fig. 1 showing
detail of marker lines and grain boundary deformed by
removal of material and sliding ( X 570). (b) Tracing of (a)
showing grain boundaries (GB), grain-boundary zones
(shaded) and one marker line (ML) from both sets. The
grain-boundary tangent (GBT), the stress axis (SA) and
stress axis normal (SAN) are indicated. Measured angles
and marker line displacements are: ¢ = 52°, ¥ = 16°,
a=55pm, ¢ =52°0=59and b =0 pm.
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ments necessary for the determination of D and
S sometimes can be conveniently made on the
ground glass screen of a projection metallo-
graph.

4. Discussion

The technique presented here can be used to
separate the sliding and diffusional contributions
to diffusion creep either under the assumption
that diffusional accretion is parallel to the stress
axis and sliding is parallel to the grain boundary
or under the assumption that diffusional accre-
tion is perpendicular to the grain boundary
(these assumptions are the subject of current
debate [I1]). It should be noted that the dif-
fusional component as defined in general pro-
duces a component parallel to the grain boun-
dary which has previously been defined as a
sliding component [9, 10].

Quite apart from matters of definition, the
assumption that the diffusional component is
parallel to the stress axis is not strictly true for a
polycrystalline material because of stress con-
centration effects which do not appear in the
uniform hexagonal or cubic arrays usually
considered theoretically [9-11]. However, it is
likely that deviations will be averaged out if the
average value of a number of measurements is
taken.

An error is introduced into the determination
of D and § because of grain-boundary sliding in
a direction perpendicular to the sample surface.
This can be corrected for on an average basis as
follows. The average angle at which grain boun-
daries intersect the sample surface is from 57°
for a random surface through a grain structure to
about 80° at a surface after annealing (or creep)
[12]. For a given boundary the height difference
across the boundary, v, produced by this sliding
can be measured (by the difference in the “in
focus™ position of the grains on either side of
the boundary at the same time offset measure-
ments are being made). The relative displace-
ment of the surface marker lines in a direction
parallel to the sample surface and normal to the
intersection of the grain boundary with the
surface is given, on the average by v cot 80°
where the average angle of intersection is taken
to be 80°. The offset of the marker lines pro-
duced by this effect will generally be in a direc-
tion to increase the marker line displacements
(except in cases of negative grain-boundary
sliding) and, therefore, must be subtracted from

the measured displacements, after correction for
grain boundary and marker line angles.

For the grain boundaries shown in Figs. 4a
and 5a, v was too small to be measured; how-
ever, an average value of v of about 0.5 um is
expected for this sample. In this case the average
displacement of the marker lines in a direction
parallel to the stress axis is about 0.09 pm. For a
grain boundary at 90° to the stress axis and
marker lines at 38° to the stress axis, as in Fig. 4,
the error in the marker line offsets is about 0.07
pum. The measured marker line offsets in Fig. S
are 3.0 and 2.1 um. For offsets of this size the
0.07 um error produced by sliding normal to
the sample surface can safely be neglected as it is
within the accuracy to which the offset measure-
ments can be made; however, in the case of
smaller offsets or larger values of v a correction
may become necessary.

1t should be noted that the procedure presented
here allows determination of §'and D even when
grain-boundary migration has occurred. Migra-
tion does not alter the measured offsets. This
can be visualized by imagining migration of the
grain-boundary zone in Fig. 2b. It is apparent
that the zone can be shifted in a vertical direction
without altering the offsets, @ and b.

When grain-boundary sliding in a direction
perpendicular to the sample surface is either
taken into account or shown to be negligible the
general procedure presented here yields diffu-
sional and sliding components on a microscopic
scale and has a number of possible applications
four of which are as follows.

1. The diffusional and sliding components can
be determined as a function of the orientation
of the grain boundary relative to the stress axis.

2. It may be possible to establish the influence
of grain-boundary structure on these com-
ponents as well as their variation along a given
boundary.

3. It may be possible to establish the con-
tribution of diffusional accretion and sliding to
the total strain during diffusion creep.

4. It may be possible to determine the relative
importance of diffusion creep with respect to
other modes of deformation in particular cases
of interest.
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