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Abstract

Ultrafine-grained pure titanium surface layer produced by surface mechanical attrition treatment (SMAT) was systematically studied by
scanning thermal microscopy (SThM) that allows thermal conductivity to be mapped down to the submicrometer scale. It is found that the
microstructures obtained by SMAT show different thermal conductivities that strongly depend on the grain size: the thermal conductivity
of the nanostructured surface layer decreases substantially if compared with that of the coarse-grained matrix of the sample. A theoretical
approach, based on this investigation, was used to calculate the heat flows from the probe tip to the sample and then estimate the thermal
conductivities at different scanning locations. Experimental results and theoretical calculation demonstrate that the SThM analyses can be
used as a powerful tool for the thermal property and microstructure analysis of ultrafine-grained microstructures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last decade, ultrafine-grained materials have at-
tracted considerable scientific interest due to its small grain
size and large amount of interfaces. Many studies have
shown that a number of properties in these materials are
fundamentally different from, and often superior to, those
of the conventional polycrystalline materials[1–3].

SMAT is a recently developed technique that can pro-
duce various ultrafine-grained structures in the surface
layer of bulk material by imposing intense plastic defor-
mation into metals and alloys[4]. Using this processing,
different microstructures from nanometer-sized grains to
submicrometer-sized and micrometer-sized crystallites
within the deformed layer can be obtained. This tech-
nique has been successfully applied in achieving surface
nanocrystallization in a variety of materials including pure
metals and alloys, such as iron[5,6], aluminium[7,8], and
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stainless steel[9], etc. This kind of surface nanocrystal-
lization would greatly enhance surface properties without
changing the chemical composition of the materials.

Efficient utilization of ultrafine-grained materials re-
quires a good understanding of their thermophysical prop-
erties. It is known that the heat transport properties of
polycrystalline materials are strongly affected by their mi-
crostructural features[10,11]. Therefore, obtaining clear
information on thermal properties can provide vital infor-
mation on the intrinsic microstructural characteristics of the
ultrafine-grained materials. Obviously, the measurements
and investigations of their thermophysical properties are of
significance not only for fundamental research but also for
applications of this kind of materials.

Invention of the scanning thermal microscopy (SThM)
has allowed us to investigate surface thermal properties even
down to micrometer or submicrometer spatial resolution.
The SThM is based on an atomic force microscopy (AFM),
but uses a specialized thermal probe instead of conventional
SiNx tip of the AFM. The SThM is developed to give simul-
taneously topography image and thermal property image of
material surface. In SThM, the interaction between probe
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tip and sample is based on the heat flow. Therefore, differ-
ences in temperature or thermal conductivity constitute the
imaging contrast.

The SThM has many potential applications, one of them is
to study local variations in surface thermal properties. Zhou
et al. studied the laser-induced deposition of palladium lines
on glass from palladium acetate by means of the thermal
contrast variation in thermal conductivity images[12]; Fiege
et al. carried out the failure analysis of integrated device by
SThM analysis[13]; Ruiz et al. determined the absolute ther-
mal conductivity values of a diamond-like nanocomposite
film by calibrating a SThM probe tip[14]; and Buzin et al.
[15], Fiege et al.[16,17] carried out the quantitative ther-
mal analyses using 3ωtechnique. Many interesting results
have been obtained from these studies. However, the results
obtained by the quantitative analyses have been frequently
questioned[18], because the quantitative measurement of
the heat is quite complicated. Up-to-date, no work dealt with
the analysis of the thermal properties of ultrafine-grained
microstructures using SThM technique.

In this paper, the authors combined the SThM and mi-
crostructural analysis to study the thermal properties of an
ultrafine-grained pure titanium surface layer produced by
SMAT. A SThM in the direct current (dc) mode was used to
map the thermal conductivity images on the cross-sectional
surface of the treated sample. Under the same scanning con-
ditions, the heat flows at different scanning locations were
calculated and used to interpret the effects of microstructural
features on the thermal conductivities, and then estimate the
thermal conductivities at different microstructure regions.

2. Experimental details and theoretical approach

2.1. Sample preparation

A pure titanium plate (10 m×100 m×100 m in size) with
a purity of 99.95 wt.% was subjected to SMAT in order to
achieve an ultrafine-grained surface layer. The set-up and
procedures of the SMAT were described in a previous paper
[6]. The principle of the SMAT is based on the vibration of
spherical shots. During the treatment, repeated multidirec-
tional peening at high strain rates onto sample surface leads
to severe plastic deformation in the surface layer and thereby
refines the surface microstructure. The main parameters of
the SMAT process were chosen as follows: the vibration fre-
quency driven by an ultrasonic generator is 20 kHz, the shot
diameter is 3 mm, and the samples used in this work were
treated in vacuum for 30 min at room temperature. After
the treatment, the sample surface is smooth. Positron anni-
hilation spectroscopy experiments revealed that the surface
layer of the treated sample is free from porosity.

The specimens used for thermal conductivity analysis
were cut from the SMATed sample. The specimens were
embedded in a resin and isolated from other conductive ma-
terials. The samples were mechanically polished to a mirror

Fig. 1. Schematic diagram of the SThM set-up.

in order to avoid the surface influence on the heat conduc-
tion, and the polishing was cautiously carried out at a low
temperature to avoid the change of the grain size and the
structure of the grain boundaries. The polishing process for
the tested specimens and the samples used for probe cali-
bration was the same. An optical microscope and a trans-
mission electron microscope (TEM, Philips EM420 with an
accelerating voltage of 100 kV) were used to observe the mi-
crostructure after SMAT. Thin foils for TEM observations
were prepared by means of ion thinning.

2.2. SThM analysis

For thermal conductivity analysis, a TopoMetrix SThM
was employed in which thermal imaging is achieved us-
ing a resistive thermal element incorporated at the end of
a cantilever that makes it possible to achieve an AFM type
feedback. The thermal element consists of a bent filament
(5�m diameter) of platinum/10% rhodium.Fig. 1 depicts
the set-up of the SThM used in this work.

In SThM, normally two working modes are available:
‘temperature contrast mode’ and ‘thermal conductivity con-
trast mode’. In the present work, the ‘thermal conductivity
contrast mode’ was used, in which the thermal probe func-
tions as a resistive heater. The control circuit uses a feed-
back loop to adjust the voltage applied to the bridge in order
to keep the thermal probe at a constant temperature. When
the thermal probe is scanned across the sample surface, heat
will transfer from the thermal probe to the sample; varia-
tions in thermal conductivity across the sample surface will
affect the heat flow to the sample. Here, thermal probe is
used both as a thermal sensor and a heater.

2.3. Theoretical approach

Fig. 2depicts the bridge circuit used to maintain the probe
tip at a constant temperature. When the probe tip is in the air
(far away from the sample surface), the heat flow dissipated
into the tipQair is given by

Qair = V 2
air

Rop
(1)
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Fig. 2. Schematic diagram of the bridge circuit used to maintain the
probe tip at a constant temperature. The Rcontrol is chosen to control the
operating probe tip temperature.

where Vair is the voltage across the probe tip (determined
by the bridge circuit) and Rop is the probe tip resistance at
the operating temperature (Top). Rop is determined by the
following relation [19]:

Rop = R0[1 + αp(Top − T0)] (2)

where R0 is the probe tip resistance at ambient temperature,
αp (=0.00165 � (� K)−1) the resistance coefficient of the
platinum/10% rhodium thermoresistive filament and T0 is
the ambient temperature.

When the probe tip is brought in contact with the sample,
the total heat dissipated into the probe tip Qtotal is given by

Qtotal = V 2
total

Rop
(3)

Vtotal is obtained from the thermal conductivity images.
Therefore, the heat flow going into the sample can be writ-
ten as

Qs = Qtotal − Qair (4)

At an operating temperature, the variations in Qs in different
microstructures imply the variation in thermal conductivities
with the microstructures.

For a given thermal probe tip, using a series of samples
whose thermal conductivities are known, a relation between
Qs and thermal conductivity κs can be obtained under the
same scanning conditions, and hence the thermal conductiv-
ity of the studied sample can be estimated.

With the help of TEM, we estimated the different mi-
crostructure regions in the treated layer. The thermal con-
ductivity scanning was carried out on the cross-section of
the sample that includes the treated layer and the matrix.
The set-up of the SThM used in this work can not allow us
to know the exact distance from the sample surface, so we
simply indicated the relative scanning positions at different
microstructure regions (see Fig. 3). A series of scanning of
dimensions 5 �m × 5 �m were performed from the treated
surface layer to the strain-free matrix. In order to avoid the
influence of water on heat conduction on the sample surface,
the working temperature of the thermal probe was set to be
116.9 ◦C [20]. The main scanning conditions were chosen as
follows: the set point, which controls the force of the probe

treated layer 

matrix 

treated layer 

scanning from the treated surface layer to the matrix 
12

2
1

Fig. 3. Schematic diagram of the scanning position from the treated
surface layer to the matrix of the sample.

tip on the sample surface, is 5.5 nA; the PID (proportional
gain, integral gain, derivative gain) settings, which control
the feedback signals, are 3, 0.2 and 0, respectively. The scan
rate is 10 �m/s, and a resolution of 400 lines per scan. For
one position indicated in Fig. 3, at least three scans were car-
ried out in the area with the same grain size, and the voltage
values for theoretical calculation were taken as the average
of these scans.

The spatial resolution of SThM is mainly governed by
the effective contact area between the probe tip and the
sample surface. Despite the fairly large diameter of the
platinum/10% rhodium wire (5 �m diameter), the effective
contact area is very small (80 nm) [21]. The spatial resolu-
tion of the probe used in this work was estimated of 1 �m
[22] but 100 nm features had been clearly resolved with this
probe [23]. The error of the calculation, which is estimated
by the deviation of the measured Vair and Vtotal, is about 5%.

3. Results and discussion

3.1. Microstructure

Fig. 4 shows the cross-sectional microstructure of
SMATed pure titanium sample observed under an optical
microscope. It can be seen that the microstructures in the
treated layer change gradually from equiaxed grains of
30–80�m in diameter in the matrix to ultrafine-grained
structures beyond the resolution of the optical microscope
in the top layer of the treated surface. TEM observations
indicate that the outer surface of the treated layer corre-
sponds to the nanostructured layer with a thickness of about
50–60�m and the equiaxed nanograins are 50–200 nm
in size (see Fig. 5), then the submicrometer-grained and
micrometer-sized structures. The thickness of the whole de-
formed layer is more than 300 �m. These results indicate that
SMAT is an effective method to produce ultrafine-grained
structures in the surface layer of pure titanium sample.

3.2. Thermal conductivity variation in the deformed layer

Scanning thermal microscopy provides information on
thermal conductivity maps not available to conventional
AFM and scanning tunneling microscopy (STM). This
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Fig. 4. Optical micrograph on the cross-section of the SMATed pure titanium sample.

offers valuable opportunity to characterize the thermal
properties of material surfaces at the submicrometer scale.

In SThM, the thermal image signal is affected by
several factors, including sample thermal conductivity,
probe-sample temperature differential, and probe-sample
effective contact area, etc. In this work, the scanning con-
ditions for each series of scanning were kept identical.
Fig. 6 shows a typical topographical image and thermal
image obtained in the thermal conductivity contrast mode.
In Fig. 6(a), spots 1–3 were induced by the dusts on the
sample surface, the corresponding locations in the thermal
conductivity image, however, shows opposite contrast due
to their low thermal conductivity, as can be seen in Fig. 6(b)
indicated by the same numbers.

Fig. 5. Dark-field TEM micrograph in the top surface layer (40 �m deep from the treated surface) of the SMATed titanium sample.

The mechanically polished sample surface is never per-
fectly flat, and the end of the probe tip also has some cur-
vature. Therefore, the contrast in Fig. 6(b) can be observed
which is mainly due to the relief on the sample surface,
leading to variation in probe-sample effective contact area
at different contacting points, giving rise to changes in heat
flow from the probe tip to the sample, not arising from ther-
mal conductivity difference. In Fig. 6, it can also be observed
that the spots and others signals in the thermal conductivity
image are larger than those at the corresponding locations
in the topographical image. This may be caused by other
factors such as submicron surface roughness, mechanical
inconsistency which clearly reduce the thermal conduc-
tion but have less influence on the topographical signals.



F.A. Guo et al. / Thermochimica Acta 419 (2004) 239–246 243

Fig. 6. (a) Topographical image and (b) thermal image of a thermal conductivity scanning.

It should be pointed out that the resolution of the SThM
topographical image, which is in correlation with the loop
shape of the probe tip wire, is much lower than that of AFM
topographical image. In this study, we mainly emphasize
the thermal conductivity variation with the microstructural
features, and for all the samples used in this study (includ-
ing the samples used for probe calibration), the polishing
process is the same, and we tried to eliminate the dusts on
the sample surface before scanning. Therefore, while no
significant features can be observed from the topographical
images, we do not consider the topography effect on heat
conduction. For the theoretical calculation, we used the av-
erage values for each thermal image and tried to avoid the
influence of the defects on the thermal voltage values, the in-
fluence of the contrast on the average thermal values can be
neglected.

Fig. 7 shows some typical thermal images of a series of
thermal conductivity scanning from the nanostructured sur-
face layer to the matrix (as indicated in Fig. 3) under the
same scanning conditions. Fig. 7(a) and (b) were obtained
in the nanostructured region, (c) and (d) in the submicrom-
eter and micrometer scaled region, whereas (e) and (f) were
obtained in the strain-free matrix. It is interesting to observe
that, from the nanostructured surface layer to the matrix, the
thermal values on these images increase substantially. While
the scanning conditions are the same, and no significant fea-
tures can be observed from the corresponding topographical
images, the thermal value variation obviously shows the vari-
ations in the thermal conductivity with the microstructures.

The thermal image is obtained by recording the Wheat-
stone bridge voltage. It will require more heat flows from the
thermal probe to the locations having higher thermal con-
ductivity than to the place with lower thermal conductivity.
In order to keep the thermal probe at a constant temperature,
the probe requires a higher power compensation over the lo-
cations with higher thermal conductivities where therefore

appear higher thermal values in the thermal conductivity
images.

Fig. 8 presents the variations in Qs of this series of scan-
ning. It is interesting to observe that, from the nanostruc-
tured surface layer to the matrix, Qs increases obviously, and
keeps approximately stable in the matrix. The variations in
Qs imply that, with the refinement of the microstructure, the
thermal conductivity decreases substantially.

For polycrystalline materials, several factors can have a
significant influence on the thermal conductivity of a sam-
ple. Pores, filled with gas of a lower thermal conductivity
than the solid phase, help block the heat flow and thus make
the material more insulating. Interfaces and grain bound-
aries, which are crossed by the heat flow path, can also
inhibit heat conduction. The impurities and second phases
located at the grain boundaries reduce the effective across
sectional area of the sample, thereby lower the thermal
conductivity.

The SMAT process has some unique advantages com-
pared with the coating and deposition methods for surface
nanocrystallization. For example, as there is no change in
chemical compositions of the nanostructured surface layer
and in the matrix, as well as a gradual variation in the
grain size from nanometer-sized grains to coarse-grains,
bonding of the nanostructured surface layer with matrix
will not be a problem. In addition, the SMATed surface
layer is free from porosities and impurities. Therefore,
for our studied pure titanium sample, the main factor
that strongly affects its thermal conductivity is the grain
boundaries.

It is well known that the thermal conduction in solids in-
cludes electron conduction and phonon conduction, and the
thermal conductivity, κs, is normally described by following
equation:

κs = κphonon + κelectron (5)
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Fig. 7. Some thermal conductivity images of a series of scanning at different locations from the treated surface layer to the matrix as indicated in Fig. 3.

which is the sum of the contributions by phonon (κphonon)
and electron (κelectron) conduction. In general, in pure
metals, the main contribution to thermal conductivity comes
from electrons [24]. The thermal conductivity of materials
is related to the conductive electron density n and the mean
free path l of electrons by the following formula [24]:

κs = π2k2Tnl

3mve
(6)

Here κ is the Boltzmann constant, T the temperature, n the
effective electron density in a microstructure, m the mass of
the conductive electron, and ve is the Fermi velocity.
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Fig. 8. Variation in the heat flow going into the sample while scanning
from the nanostructured surface layer to the matrix as indicated in Fig. 3.

The decrease in thermal conductivity with the reduction
of grain size would be mainly due to the decrease of the
effective electron density n in the microstructure; since n
decreases with the reduction of grain size d by the following
relation [25]:

n = nbT
∗(1/d) (7)

Here T∗ (<1) is the transmission coefficient of electron
through a potential barrier, and nb is the conductive electron
density in single crystal without boundaries.

With the decrease in the grain size, the reduction of the
thermal conductivity of the ultrafine-grained microstructure
is also related to the phonon scattering at grain boundaries.
Small grain size with large volume fraction of interfaces
within which a large amount of defects as well as a high
random atomic arrangement may exist, would strongly lead
to phonon scattering at the grain boundaries.

In addition, attention should also be paid to the influence
of internal defects on the reduction of thermal conductivity.
Microscopic evidence indicates that, in the treated layers,
there exist not only numerous non-equilibrium grain bound-
aries, but a high dislocation density and a large value of
residual stresses as well [26]. These residual stresses and dis-
locations can act as both phonon and electron scatterers and
thereby reduce the thermal conductivity of the microstruc-
ture [27].

3.3. Thermal conductivity estimation

For the thermal conductivity estimation, we calibrated the
thermal probe used in this work. A series of materials with
known thermal conductivities were used. Fig. 9 shows the
relation between Qs and κs for these materials. It can be seen
that two segmental lines were obtained by linear fit process-
ing: for the materials with lower thermal conductivities (less
than 57 W (m K)−1), the relation between Qs and κs is Qs =
0.6905+0.0304κs; and for the materials with higher thermal
conductivities, the relation is: Qs = 1.2170 + 0.0049κs.

Fig. 9. Heat flow Qs as a function of κs for some materials with known
thermal conductivities. The solid line is a least-squares fitting line.

In order to evaluate κs of the tested sample, Qs was cal-
culated at each scanning location under the same scanning
conditions as those for the probe calibration. As mentioned
above, for Qs calculation, the average image voltage val-
ues were obtained from the thermal conductivity images.
The thermal conductivity of coarse-grained pure titanium is
about 20 W (m K)−1 [28], so the relation Qs = 0.6905 +
0.0304κs was used.

The thermal conductivity of the matrix (position 12
indicated in Fig. 3) estimated by this method is about
24.6 W (m K)−1, and that of the nanostructured layer (po-
sition 1 indicated in Fig. 3) is about 5.2 W (m K)−1. The
thermal conductivity of the coarse-grained matrix obtained
in this work is a little higher than that of the coarse-grained
pure titanium (about 20 W (m K)−1) [28].

These results demonstrate that SThM is a possible method
to estimate the thermal conductivities of the ultrafine-grained
microstructures and the bulk material with a simple sam-
ple preparation. However, there are some drawbacks in this
work: (1) the recalibration is necessary if the probe or op-
erating conditions are changed; (2) as discussed above, the
thermal voltage values are affected by topographical fac-
tors, such as microstructure defects, atom diffusion, grain
boundary features. These factors influence the thermal volt-
age values and thermal imaging. It is easy to understand, but
difficult to separate the thermal data from the topographi-
cal data in this case. Further, work should be taken in or-
der to obtain the precise values of the thermal image signal.
Furthermore, other method should be developed in order to
verify the results obtained in this work.

4. Conclusions

Ultrafine-grained structures were produced in the surface
layer of a pure titanium plate by surface mechanical attrition
treatment. The SThM analyses demonstrate that the thermal
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conductivity of the ultrafine-grained structures decreases ob-
viously as compared with that of the coarse-grained coun-
terpart. The estimation of the thermal conductivity indicates
that SThM is a possible method to estimate the thermal con-
ductivities of the ultrafine-grained microstructures and the
bulk material with a simple sample preparation. However,
further work should be taken in order to obtain the precise
values of the thermal image signal.
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