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Abstract

Deformation distribution within the specimen beneath the thermomechanical analysis (TMA) probe, found by using the finite element
method (FEM), depends mainly on penetration depth, specimen thickness and diameter as well as on radius of the probe tip when the
Poisson’s ratio influences it just slightly. For standard radius of th&gip- 1 mm, most deformation is distributed in a material layer up to
0.5 mm thick independently on elastic modulus of a polymer at a glassy state. It is caused by the fact that maximal penetration depth for the
polymers usually equals to about 0.05 mm. Because of this, the contact surface area is less thad fadfhestandard radius of the tip. This
evidences that predominantly the specimen volume equabtmt x 0.17 mn? (depthx area) is tested by the TMA at compression mode.

For R, = 5mm is tested the layer 2.5 mm thick. This makes possible to evaluate the material properties in the zone of different thickness
depending on radius of the tip.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction processing industry in spite of some limitatiofk9,20],
which are also related with the loading conditid@g] and
The thermomechanical analysis (TMA) is based on mea- some uncertainty of the area of materials really tested.
surements of the specimen’s deformation under very low The TMC could be approximated as lines with several
load at scanned temperature giving the thermomechanicalbreaks separating the apparently linear segments with var-
curve (TMC) [1-4]. It allows the evaluation of the glass ied slopes, what informs about an existence of material
transition temperaturfs—7], which is higher than that de- regions with different thermal expansion properties. It is
termined by positron annihilation spectroscopy (PALS) assumed that they have very complex structures, includ-
and DS{9], but a little lower than that determined by DMA  ing higher-level arrangement than molecular one. From this
[9]. In many cases, transition temperatures from TMA suit curve, it is possible to evaluate the transition temperatures.
well to those found by other techniquEk0]. In addition, Morphology with two or three amorphous regions, most
the thermal expansion coefficieft,11-13], the softening likely interpenetrating, and more ordered portion for the
temperaturg¢l4] and, according to some scientists, both the studied polymers has been found by using a novel ver-
crosslinking degree (based on equilibrium elastic modulus) sion of TMA [22]. These regions are not divided in space;
[15,16], and the average number of degrees of freedom ofthey represent several types of interactions, which coexist
polymer segments between crosslirjkg] could be eval- in polymers. They differ in the transition temperatures up
uated by TMA. Thermomechanical contribution, which is to 200°C and related interaction energies equakio(k is
due to a variable physical contact area for a probe tip, is Boltzmann's constant anflis temperature) as well as com-
dominant in the microthermal response of polym@agj. It pactness, what should influence the distribution of additives
means that TMA is commonly used till now in the polymer within the polymer matrix.
In order to evaluate the equilibrium elastic modukts,
« Corresponding author. Tel 48-61-6652-776: apd to Iocgte the plateau of.hlgh—elastlcny as accurate. as pos-
fax: 1+48-61-6652-217. sible by using the TMA device, the measuring of specimen’s
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structure of successive layers of the specimen varies depend-
ing on their location toward outer surface, and it depends
on conditions of the specimen manufacturing.

Some researches believe that TMA evaluates the av-
eraged characteristics of the all specineé@,23]. Other
supposes that only a skin layer of the specimen is tested.
Basing on continuous mechanics, it is expected that distri-
bution of deformation when the TMA probe contacts the
specimen depends on physical properties of the material,
especially on its elastic modulus, the Poisson’s ratio, and
7 spectrum of relaxation times. In order to determine the
D thickness of polymer layer really tested both Hertz equation
and, next, computer simulation based on the finite element
method (FEM) has been used and the results are described
below.

(>

1
/—2
3

Fig. 1. Schematic illustration of the TMA testing device: 1, probe hemi-
spherical tip; 2, specimen; 3, base.

low load. The deformation should be kept within the range 2. Numerical experiments

of polymer elasticity. This deformation should not exceed

5% of the radius of a probe with a hemispherical tip, usu- 2.1. Materials and loading conditions

ally R, = 1 mm (Fig. 1); it is measured with accuracy of

5nm[23]. Usually, the probe of 2mm in diameter is made  Elastic modulus for polymeric materials usually varies
of quartz—the material with much higher elastic modulus from 2 MPa (in a high-elastic state) to 3000 MPa (in a glassy
and very low coefficient of thermal expansion when com- state), and the Poisson’s ratio varies from 0.3 to 0.5. Also, in
pared to the tested specimen. The contact surface area bethe calculations it was accepted that the size of cylindrical
tween the probe and the specimen varies from almost pointspecimens was assumed to be 1 or 3mm in height and 3 or
(at a glassy state) up to approximately 0.17%qat rubbery 5mm in diameter, respectively. The measuring probe should
or visco-elastic states). It means that the information about compress the specimen along their common axis. The radius
polymer properties on this varied area is averaged. Simul- of the probe tip used in the calculations was equal to 1
taneously, for the thinnest PS film with clearly detectable (standard), 2 or 5 mm, respectively.

response (25nm), the glass transition temperature €20

below its bulk valug[24] what suggests some differences 2.2. Methodology

to appear in a structure of successive material layers. This
fact evidences that it is very important to know how thick
polymer layer is really tested by TMA.

Cubic or cylindrical specimens of 1.2-5 mm in height and 3(1— 1P
1-5mm in width or diameter (preferably 1.5 and 2mm, re- £=——5—— 1)
spectively) are used for measurements at compression mode. 4Ro'“H3/
These specimens are moulded or cut from the plates of thewherev is the Poisson’s ratioP, the load; andz, is the
polymeric material. Surfaces contacting the base of the ther-radius of the hemispherical tip of the probe.
mostatic chamber of the instrument and a measuring probe In order to determine the distribution of local defor-
should be parallel each other. mation in the specimen beneath the probe, the HES]

The TMA methodology is based on a simplified model has been applied. This numerical method is often used
of polymer network with physical junctions and/or chem- for the approximate solution of complex engineering and
ical crosslinks. Polymers are tested in solid state and scientific problems. The basic idea of the method is to
visco-elastic state, what is described in detail elsewherefind a solution of a complicated problem by replacing it
[22,23,25]. This methodology reduces most of limitations by a simpler one. The region of solution is considered as

To calculate elastic modulisbased on penetration depth
H of the TMA probe, Hertz equation has been ug2s#-28]:

of generally used previous versifir-4], but it is not proved
sufficiently till now. Because of this, the aim of current
work is to make some progress in this area.

built up of many small, interconnected sub-regions called
finite elements. In each element, a convenient approximate
solution is assumed and the conditions of overall equilib-

The thickness of really tested polymer layer determines rium of the structure are derived. The satisfaction of these

also the characteristics of molecular and topological struc- conditions will yield an approximate solution for the de-

tures evaluated by the novel version of TM22]. To date, formation and stresses. Moreover, FEM analysis provides
however, we did not found any reliable information about a very controlled manner of evaluating the force—distance
its evaluation. Finding it is a fundamental problem because response for various types of hard/soft domain/matrix com-
for semi-crystalline materials and filled composites, the binations. Also, various geometries of probe tip can be
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3. Results

stylus tip . ) .
3.1. Influence of elastic modulus and Poisson’s ratio on

penetration depth

specimen To calculate radiua of a contact surface beneath a probe
of the TMA device and a polymer specimen Hertz equation
for elastic semi-space was used. The probe has a hemispher-
ical tip with radius 1 mm. IrFig. 3, the radius of the con-
. . . _ tact surface was expressed as a relative value; it means it is
Fig. 2. Deformation of the specimen beneath the quartz probe tip with .. . . .
radius R, = 1 mm, probe displacement 0.05mm, elastic modulus of the divided by its magnitude obtained fdf = 1MPa,v = 0.
probe 94,000 MPa, elastic modulus of the specimen 360 MPa. This makes that the vertical variable in the diagram is di-
mensionless and the results are independent of units. The
maximal displacement of the probe equals to 0.05mm. It is
evaluated, except for the case of an infinitely sharp inden- seen that the changes in a relative radius of a contact sur-
ter; the resulting point contact loading causes numerical face are substantial only for elastic modulus below 1 GPa.
instabilities in the finite element solution. In the consid- For higher elastic modulus value, what is typical for rigid
ered contact problem (sé€g. 1), quadrilateral and axially  or highly filled polymers in a glassy state, this radius de-
symmetrical finite elements have been used because ofcreases; the ratio of such variation tends to zero for infinite
axial symmetry of the problem. The finite elements in value of elastic modulus. Such displacement and low mag-
the specimen are squares with the side equal to 0.01 mmnitude of elastic modulus are usually observed at the end of
and the probe was meshed by the quadrilaterals shapedigh-elastic deformation of the specimen at the TMA test
very close to square in the region of maximal stresses. at compression mode. Simultaneously, one should remem-
A non-linear and iterative method with using the specific ber that relaxation properties of the tested materials are not
contact (gap) elements, because the discussed problem igaken into account in well known Hertz solution of a contact
non-linear one, has been applied. The contact area of theproblem.
two bodies being in touch also varies when the applied The Poisson’s ratio changing within the interval between
external load is changed. Thus, the gap elements do not0 and 0.5 influences slightly (Fig. 3) the radius of a contact
allow for the mutual penetration of the meshes of the two surface of the probe tip and the specimen. It evidences that
bodies. The gap elements transmit the loads between thefor the Poisson’s ratio between 0.3 and 0.5 (usually observed
probe and the specimen. Kig. 2, a sectional view of de- interval), and elastic modulus in the characteristic range for
formed finite element mesh at the contact surface of the polymeric materials, there is no reason to take into account
probe and the specimen is presented. Because the conthe influence of such changes on deformation distribution
tact surface of the probe deflects a little, the real probe within the specimens tested. These calculations have been
displacement is greater than that for a case of a rigid performed using Hertz solution of a contact problem with
probe. the assumption that the thickness of material layer deformed
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Fig. 3. Dependency of radius of the contact surface between the probe tip of the TMA device and the specimen for varied both elastic modulus and the

Poisson’s ratio.
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Fig. 4. Dependency of the depth beneath the centre of symmetry of
a contact surface of the probe tip and specimen at which verigal ®5 mm
horizontalo,, and effectiveoe stresses are reduced to 10% of maximal
magnitude ofo, on the Poisson’s ratio.

Fig. 5. Dependency of the zone in which local stresses are >10% of max-
imal stresses during TMA test on the size of specimen tested, calculated
by the hemispherical tip is infinitely large. However, this for E = 360 MPa,v= 0.3, and R, = 1 mm; (—) specimen @% 1 mm
condition is not fulfilled for the TMA test. Because of this, and (- - -) specimen @& 3mm.
some error of evaluation was introduced. In order to reduce
it and to make'anaIyS|s deepe'r,. It is needeq to apply. the conclude that there is no need to test the specimens with the
gtk;er methods, i.e. the FEM as it is presented in all Sections ;.1 ness larger than 1 mm.
elow.

32 Infl  Poi , . local distributi 3.4. Influence of radius of the probe tip on local
2. Influence of Poisson’s ratio on local stress distribution .« mation distribution

.In second S|mulat|on, it has bgen assur.ne'd.that both Radius of the hemispherical probe tip should influence
th|ck_ness and d|amete_r of the specimen are infinitely large. the distribution of stresses on the contact surface with the
Raldluls .Of th? rr)]robg t'@of waz CE.OST tﬁ bf 1Tm' I_:rolm specimen. Usually, this radius equals to 1 mm. It is expected
cagu ;Uor_ls, It has been oun l:()blg. )tdat oca ve_rtuzal that varying this radius we can change the form of stress and
ande ecliveoeyr Stresses, in rubbers an engIneering pias- yoformation distribution within the contact area. From the
tics, beneath the contact area of the probe tip are reduce esults of fourth computer simulations with = 360 MPa
up to 10% of maximal magnitude of vertical stressat the andv = 0.3 (Fig. 6) it is concluded that the change of radius
distancez equal to about 3a. This depth is directly propor- of the probe tip fromR, = 1 mm (a usual case) tRo —

: : X 0 = 0 =
tional to rqdlusa Of. a loaded surface. Ho_rlzontal strass 5mm causes that the deformation zone increases substan-
reaf:hes this magnitude on the depth within 0.4 and 0.8 of thetiaIIy. In Fig. 6, the curves, inside which the local stresses
radius of the contact. surfac.e. The results are Iovx_/ dependentare greater than 10% of their maximal magnitude are pre-
on the Poisson’s ratio and independent on elastic mOdUIUS'sented. This fact that the deformation zone increases sub-
_ _ ) stantially makes possible to evaluate the material properties
3.3. Influence of thickness and diameter of the specimen i, the zone of greater thickness. For instance, in a case of
on local deformation

In third simulation, it was assumed that radigs of a
hemispherical probe tip equals to 1 mm and diamdtef
the cylindrical specimen varies between 3 and 5 mm. Simul-
taneously, thicknedss of the specimen equals to 1 or 3mm,
respectivelyFig. 5shows the curves, inside which the local ;
stresses are greater than 10% of their maximal magnitude. It F
is concluded from this Figure that the thickness of material '
layer, in which local stresses have reached the level below ]

10% of their maximal value at contact, is low dependent on ‘ 63 tm

both the thickness of the specimen varied between 1 and L——J

3mm and on diameter of the specimen, when it is greater _ _ o

than 3 mm. It evidences the fact that Hertz solution of a con- Fig. 6. Dependency of the zone of specimen 1 mm thick in which local
stresses are >10% of maximal stresses during TMA test on the rBglius

tact problem is close to calculations based on the FEM for of the hemispherical probe tip calculated #r= 360 MPa,» = 0.3, (—)
the thickness of the specimen greater than 1 mm. So, we camk, = 1mm, (- - -)R, = 2mm, (---) Ro = 5mm.

stylus tip

specimen

1 mm

I
I
I
1
\
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Fig. 7. Dependency of the penetration depth of the probe during TMA test on the location of the material layer with doubled elastic modulus in
comparison with a surface layer calculated for= 360 MPa,v= 0.3, and R, = 1 mm.

Ro = 1 mm, alayer of 0.5 mm thick is really tested, whereas material (Fig. 7) up to 0.5 mm of specimen thickness (about
for R, = 5mm such a layer is about 2.5mm thick. The two radii of the probe tip) expresses the fact that the location
discussion above, concerns the homogeneous materials. Foof more rigid layer substantially influences the penetration
sandwich-like materials, which layers differ in elastic mod- depth of the probe. Simultaneously, location of such rigid
ulus (very common case), the conclusions may be different. layer between 0.5 and 1.0mm from the loaded surface of
the sandwich-like specimen less influences the penetration
3.5. Influence of a gradient of elastic modulus on of the probe when compared with a case of homogenous
penetration depth material. It means that the TMA is sensitive to differences
in elastic properties of the material if tested in a layer up to
In fifth simulation, it was assumed that radius of the probe 0.5mm thick only.
tip equals toR, = 1 mm, the specimen is 1 mm thick and it Next, a two-ply specimen has been analysed where the
consists of 10 layers of 0.1 mm thickness each. Calculationselastic modulus of the lower layer is twice as large as that
were performed under the assumption that one layer locatedfor the upper one in contrast to the previous discrete results
in different distance from the surface has elastic modulus presented ifrig. 7. Here, a non-linear numerical simulation,
twice larger than other layers. Constituency of the tested using the FEM has been performed, basing on the modified

0.05
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0.03

0.02

Penetration depth H in mm

0.01

0‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTT‘

0 1 2 3 4 5 6 7 8
Force P in N

Fig. 8. Relation between the penetration defitiof the probe and applied forde for two-ply specimen Eypperiayer= 360 MPa, Ejower layer = 720 MPa,
v=03, Ro =1mm.
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Fig. 9. Results of computer simulation by the finite element method aiming the determination of the exponent at the penetratibimdmplér to get
a linear relation betweehl and P; case A, a single layer specimen; case B, whea 0.6 mm, and case C, wheln= 0.8 mm.

Newton—Raphson procedure (40 steps of increment of load0.8 mm). It means that the higher is coefficienthe higher
control parameter)Fig. 8 shows a relation between pene- is the gradient of elastic modulus along the depth of the
tration depthH of the probe and the applied axial lo&d specimen. Coefficient for case A is greater tham = 1.5
at different thickness of the lower layer. The curve A=h in Hertz formula. This can be justified by the influence of
0.0 mm) corresponds to the presentation givefio 1. As the boundary conditions at the model outer surfaces, which
one can see, the sub-dividing of the specimen into two lay- otherwise, does not exist in Hertz solution. Tihexponent
ers, where lower one has higher elastic modulus, results inis much greater for cases B and C then that for case A, what
a greater total rigidity of the specimen. The deformation de- could result from the actual structure of the tested material.
veloped by the same load is less then that of a single-layer
specimen. The greater thickndssf lower layer the higher
is rigidity of the specimen. 4. Conclusions
The objective of a final investigation is analytical (by
Hertz method) and numerical (by the FEM) evaluation of  Application of the FEM models with the considered ge-
the relation between penetration deptiof the probe and  ometries show that it is not possible for TMA testing to
the applied loadP. The rearrangement of formula (1) gives resolve features smaller than the radius of the tip by force
3(1— 1) P 3 imaging. The analyses show that when such a domain of
H'= ——7—, n= > 2) specimen size is large enough to be resolved, its effect is
4Ry "E limited to a region surrounding the domain. These analy-
It is obvious that the relation between penetration dépth  ses define limitations on the depth and lateral distance away
and forceP is non-linear one. Now the problem is: what from the point of indentation at which such domains can be
should be the value of the exponenthin order to get a lin- detected by the method.
ear relation betweeH"” andP. This exponent (denotead is The zone of deformation distribution beneath the TMA
a measure of the differences between the analytical solutionprobe tip contacting the specimen depends substantially on
by Hertz method (infinite elastic half-space) and numerical elastic modulus of the tested material and only a little on
solution by the FEM, where the considered specimen hasPoisson’s ratio. It has been calculated that most of defor-
a limited size.Fig. 9 presents the same results as just dis- mation is localized within a layer of material with thickness
cussed inFig. 8, but now the vertical axis id" (it wasH equal up to two radii of the contact surface area. It means that
in Fig. 8). Exponenn has been evaluated under condition in the beginning of TMA test at compression mode, when
that the correlation coefficient betwek¥i andP should be the elastic modulus is high (low temperature), the layer of
not less than 0.9999. In this case, the curve&im 9 are the tested material is very thin, and with temperature rise it
linearized. The following results have been obtained: gets thicker up to 0.5 mm when a polymer is in a high-elastic
1.591 (case A, a single layer specimen)= 1.662 (case  state. It has been accepted that maximal penetration depth
B, whenis = 0.6 mm), andn = 1.685 (case C, wheh = for all tested materials equals to about 0.05 mm. Because of
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this, the contact surface area is less than 0.17 fanthe

standard radius of the probe. However, the area is propor-

tional to the radiudR, of the probe tip for greater radii at

constant penetration depth. The influence of specimen thick-
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