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ABSTRACT: The near surface region of polypropylene
was hardened in a forming process, which involved a
large shear strain in a strong thermal gradient. The opti-
mal processing conditions were estimated by modeling
the temperature distribution in the deformation zone.
Microindentation testing was used to characterize the cor-
responding depth-dependent mechanical properties. The

mechanical gradient, which developed after forming, was
consistent with the observed variation in micro-
strucfture. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 108:
148–158, 2008
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INTRODUCTION

The development of molecular and crystallite orien-
tation in polymers results in increasing anisotropy of
mechanical properties, with enhanced modulus and
tensile strength in the orientation direction.1,2 It is of
some interest to develop simple processing methods
that exploit orientation in polymers to produce local
hardening in near surface regions.

It is well known that preferred orientation of
lamellae can be produced in polypropylene by hot
drawing in the solid state.3,4 At elevated tempera-
tures, the modulus and tensile strength increase with
the increase in tensile strain.4 The flow stress of the
material is inversely related to the temperature:
higher temperatures result in lower flow stresses.
This general principle has been suggested as a solid-
state forming process to produce complex profiles in
metal forging.5 In metals, it is therefore possible to
produce graded properties by inducing a thermal
gradient in the solid, and concurrently imposing
shear strain on the hot surface. With increasing dis-
tance from the heated surface, the temperature
decreases and the flow stress increases. For a uni-
form-applied stress, the plastic strain rate decreases
as the flow stress increases. Hence by controlling the
temperature field, a strain gradient can be imposed
on the specimen. In polymers, the fabrication of
graded mechanical properties is less well under-
stood.

This work examines the development of orienta-
tion in near surface regions of polypropylene using

large strain shear of the surface in the solid state. It
is known that large strains produce microstructural
orientation in polymers, and that mechanical proper-
ties are influenced by the lamellar and molecular ori-
entation generated by plastic strains in the solid
state. The article examines the phenomenology of
the process rather than the detailed local physics.
The thermomechanical process involves a large
strain deformation of a highly localized volume of
the material, within which the strain rate and strain
gradients are large. There is therefore a sharp gradi-
ent in the microstructural processes, which occur
during forming, and it is not possible to obtain ex-
perimental measurements of the spatial distribution
of the molecular processes occurring during process-
ing. The physical processes postulated are inferred
from the correlation of the experimental observations
with well-documented observations in hot drawing
of polypropylene.

MATERIALS AND METHODS

Samples of compression-molded commercial sheet
(thickness 5 13 mm) polypropylene were cut and
machined into rectangular pieces (152 3 13 3 28
mm3). A schematic diagram of the forming die is
shown in Figure 1 (not to scale). The height of the
specimen (y-direction) was 28 mm. The sample (A)
was driven by the ram (Sintech) over an electrically
heated plate (B) and past the lip of the die (D),
where the large strain localized to the bottom surface
was generated. The temperature of the plate (B) was
controlled to 1608C while the opposite face (C) was
at room temperature. The tapered constriction at (C)
compressed the rectangular specimen tightly against
the hot top surface (B) as the specimen if driven for-
ward in the 2x direction.
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The geometry of the forming process ensured that
the heated side of the specimen was forced across the
sharp shoulder (lip) at D. The height of the lip is � 0.2
mm. A temperature-gradient dT/dy was formed
across the specimen. The shear at the die lip was
imposed within this temperature gradient, and a strain
gradient developed in the sample in the y direction.

The specimen was forced through the die by a
steel ram, which was, in turn, driven by a Sintech
tension/compression tester at a constant velocity.
This crosshead speed was adjusted over a range
from 0.20 to 100 mm/min. Adjustment of the pro-
cessing speed allowed for the optimization of the
ram velocity to obtain the desired temperature gradi-
ent. The deformed sample was cooled to room tem-
perature before removing it from the die. The tem-
perature of the hot die was controlled at (160 6
1)8C, which is just below the nominal melting tem-
perature of polypropylene (1638C).

The variation of the microstructure from point to
point was examined using thin sections cut with a
microtome and transmitted light optical microscopy
using crossed polars. In addition, the degree of crys-
tal orientation in the polypropylene was measured
by two-dimensional wide angle X-ray diffraction pat-
terns (WAXP). These were recorded in transmission
using unfiltered radiation from a Cu target running
at 40 kV and 20 mA. One-dimensional wide angle
X-ray diffractometer scans were made using Ni-filtered
Cu Ka radiation at a scan rate of 0.18/min. (2y).

Dynamic mechanical tests were run as a function
of temperature on samples cut parallel to the
deformed surface (thickness 5 1.7 mm). A Polymer
Laboratories DMTA was used in bending mode (2 Hz),
the orientation of the specimen chosen to measure
the longitudinal modulus (x-direction). The thermal
properties were measured using differential scan-
ning calorimetry (DSC) in heating mode at a temper-
ature scanning rate of 108C/min. These specimens
(approximate thickness 5 0.1 mm) were cut from
different regions of the formed specimen to measure
melting behavior of the crystalline fraction of the
polypropylene.

The variation of local mechanical properties was
measured using microindentation. This instrument
consists of a small diameter (80 lm) flat cylindrical
punch driven by a computer-controlled piezoelectric
actuator. The instrumentation allowed for the mea-
surement of load as a function of indenter displace-
ment.

RESULTS AND DISCUSSION

The forming process involved the development of a
strain gradient in a moving temperature field. The
basic principle involved setting up a temperature
gradient in the surface. The mechanical properties of
polypropylene vary with temperature, and a strain
gradient was produced within the temperature field.
The temperature field in the process region
depended on the applied temperature, the heat flow
within the zone and the velocity of the specimen
across the heat source. Given the design of the initial
specimen and die, the range of appropriate velocities
of the ram needed to be determined. An initial step
in this was the estimation of the temperature field in
the specimen during forming.

Thermal gradients

The use of thermocouples to measure temperatures
within the sample volume was problematical
because of the relatively high thermal conductivity
of the probes. The small heat capacity and poor ther-
mal conductivity of the polypropylene meant local
temperatures would be distorted by the heat flow
along the probe wires. It was thought that a numeri-
cal calculation would provide a more accurate esti-
mation of the temperature field, since the problem
was well defined and the material thermal properties
were known.

The work generated from the deformation of the
material can increase the temperature of the work-
piece. This can be estimated from the maximum
expected plastic strain in the processing zone in the
workpiece and considered in terms of heat generated
and lost. The temperature rises as a result of the
heat generated by the plastic work done on the spec-
imen. The area under the stress–strain curve for the
material is a measure of the work done per unit vol-
ume of the deforming material. Published experi-
mental measurements on macroscopic sheets of duc-
tile polymers6 show that the temperatures rise
� 158C above the ambient temperature (room tem-
perature) for tensile drawing. For deformation at ele-
vated temperatures, as in this study, the work done,
and the resulting temperature rise, is reduced to
� 1/3 of that estimated for the room temperature
deformation since at elevated temperatures the
stresses are reduced (the exact reduction depends on

Figure 1 Schematic diagram of forming die (not to scale):
(A) specimen; (B) heated plate; (C) tapered restriction; (D)
forming lip.
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the drawing temperature). Using a measured tensile
stress–strain curve for polypropylene at elevated
temperature, an estimate indicates that there could
be a maximum adiabatic temperature rise of � 58C
above the ambient temperature.

The increase in temperature from the deformation
work done in the region near the contact with the
die will be reduced by conduction and convection.
The relatively small size of the deforming volume
will result in a rapid heat transfer to the surround-
ing material and air. This size effect has been
ascribed to the increase in surface to volume ratio as
the deforming volume becomes smaller, for plasti-
cally deforming polypropylene.7

In the present experiments, a more accurate esti-
mate is complicated by the sharp gradients in tem-
perature and strain imposed by the forming process.
Since the temperature rise is affected by the rate of
heat transfer away from the deforming zone, the
local strain rate will affect the local temperature. It
should be noted that the coefficient of thermal con-
ductivity depends on the crystallinity, and the local
orientation of the lamellae since anistropic polymer
crystals have strong anisotropy in conductivity. The
complexity of the time and spatial dependences of
the evolving microstructure during forming pre-
cludes an accurate estimate of the local temperature
rise which develops. An approximation based on the
earlier discussion would suggest a deformation-
induced temperature rise of the order of 1–38C at
most, which is ignored in the present modeling.

In terms of practical processing of thermoplastics,
the strain field in the material in the region (B) was of
interest. The temperature field in the region (B) in
Figure 1 during forming was therefore calculated. The
problem is a dynamic one since the material is pushed
through the die and traverses the heated plate (B).
Although the results are shown here for a two-dimen-
sional cut, the calculation was made in three dimen-
sions, accounting for heat loss in the lateral directions.
The three-dimensional temperature field was first cal-
culated to obtain some idea of the spatial extent of the
processing zone in the near surface region of the ma-
terial. An explicit finite difference method was used
to approximate the analytical solution of the well-
known constant density heat equation:

r2T ¼ 1

a
qT
qt

(1)

where T is temperature and t is time, and it was
assumed that there was no internal heat generation
(the work generated in the inelastic deformation was
ignored). The thermal diffusivity was

a ¼ k

rCp
(2)

where k 5 0.17 W/mK was the thermal conductivity
for polypropylene, q 5 910 kg/m3 was the density,
and CP 5 2140 J/kg K was the constant pressure heat
capacity. During forming, with the development of la-
mellar and molecular orientation, these would
change, but for purposes of calculation they were
assumed to remain constant. Since the resulting speci-
men showed only the surface layer that was micro-
structurally altered during processing, this assump-
tion is reasonable.

The boundary conditions were set using judi-
ciously chosen measured temperatures at various
locations in the metal die. It was assumed that each
part of the die, being metallic with a high thermal
conductivity, had a uniform temperature field (Biot
number < 0.1). However, the temperatures of the
metal parts of the die increased slowly with time
during processing as heat diffused from the heat
source at B (Fig. 1). At the slowest forming speeds,
the far field temperature approached 808C. The free
end of the specimen was treated as an insulated
end. Thermal contact resistance between the metallic
parts of the die and the specimen was assumed to
be zero and the die and specimen surface in contact
were at the same temperature. Experimentally, the
die assembly was thermally isolated from the exter-
nal supports by insulation. Since the strain in the
process was limited to a small region near the sur-
face, it was assumed that there was no shape change
in the specimen during the processing.

At time equal to zero, the surface nodes of the
specimen in contact with the heating plate were
assumed to be at the same temperature as the plate,
namely, 1608C. The heat flow from the sides of the
polymer specimen into the surrounding faces of the
die was assumed to be small. The motion through
the forming die was simulated by incrementally
adjusting the temperatures at the surface nodes of
the specimen as it moved from contact with the
heated plate to the cooler die walls. As the forming
progressed, the amount of polymer (number of
nodes) in contact with the hot plate increased, while
the number of nodes in contact with the cooler side
support plates decreased. The maximum extent of
the hot zone was limited by the size of the heated
plate (� 50 mm). The mesh used for the calculation
had 23 3 121 3 11 nodes.

The calculated two-dimensional temperature dis-
tribution on the central longitudinal plane of the
specimen is shown in Figure 2 for different times
during the processing. The specimen moves from in
the 2x direction, across the stationary heating plate,
with the surface subjected to the strain gradient at
the bottom. The leading edge of the heated zone (to
the left) corresponds to the point of contact with the
lip of the forming die. At this slow forming speed,
the shape and extent of the heated zone remains vir-
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tually constant with respect to the heating plate. The
temperature contours shown are for 208C incre-
ments, with the contact surface at 1608C and the out-
side contour at 808C. The time for the entire
sequence is 40 3 103 s. Although the opposite side
of the specimen reaches 808C, the critical region is
the heated zone near the deformation zone in contact
with the heater. The extent of this heated zone is
limited to the region near the surface where it con-
tacts the heated plate and remains constant over the
length of the specimen. The thermal gradient in the
deformation zone remains constant along the speci-
men length.

The temperature fields for a range of different
forming speeds (0.2, 0.5, 20, and 50 mm/min) were
calculated. At higher processing speeds, the temper-
ature field shape in the longitudinal plane (A)
changes shape and extent, as shown in Figure 3. The
minimum temperature contour for each processing
speed was 808C, with contours at 208C intervals. The
principal effect at higher speeds is the narrowing of
the heat affected zone overall, with higher tempera-
ture gradients toward the trailing edge of the zone.
This is a result of the low thermal conductivity of
the polypropylene. The temperature gradient in the
process zone increases with speed.

The effect of speed on the temperature distribution
in the transverse plane (B) is shown in Figure 4. The

heated plate is in contact with the bottom surface of
the specimen, and the effect of the contact time is
clearly seen. At the lowest speeds, the heat flow
results in the top surface of the specimen reaching
temperatures around 808C. The sharper temperature
gradients at the higher processing speeds are clearly
visible.

The increased temperature gradients for high
processing speeds in the near surface region of the
specimen are shown in greater detail in Figure 5.
The arrow indicates higher processing temperatures
(0.2, 5, 20, and 100 mm/min). At lower speeds, the
gradient is much smaller, and the far field tempera-
ture is higher, as the heat has time to diffuse further.
The local strain rate depends on the local tempera-
ture and the material flow stress at this local temper-
ature. The largest strain rate occurs at the specimen
surface, where the temperature is highest (� 1608C).

Deformation gradients

Orientation of polypropylene develops with tensile
strain at the appropriate temperature (1). The degree
of orientation is controlled by the local maximum
tensile strain. To measure the strain gradient with
minimal disturbance of the temperature field, a
small hole was drilled into the specimen, normal to
the heated surface of the specimen. The specimen
was processed in the normal manner, and the distor-
tion of this line was used to estimate the depth

Figure 3 Calculated contours of temperature distribution
through the central longitudinal plane of the specimen for
different forming speeds: (a) 0.2; (b) 5; (c) 20; and (d) 100
mm/min. The minimum contour starts at 808C at 208C
intervals.

Figure 2 Calculated contours of temperature distribution
through the central longitudinal plane of the specimen.
The hotter zones are darker. The maximum temperature
was 1608C at the bottom surface in contact with the heated
plate. The contours are 208C intervals starting at the mini-
mum plotted temperature (top contour) at 808C. The form-
ing speed was 0.2 mm/min.
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dependence of the processing shear strain. An exam-
ple for the specimen processed at 0.2 mm/min is
shown in Figure 6 (scale bar 5 2 mm). The drill hole
was initially vertical. It is clear that the thickness of
the surface layer in which significant deformation
occurs extends to a depth of � 2 mm.

The deformation in the near surface region during
forming is a simple shear in which the specimen sur-
face is sheared parallel to itself. A fiducial circle
transforms to an ellipse with shear strain (inset, Fig. 7).
For large strains, Jaeger describes a geometric trans-
formation to calculate the shape of the finite defor-
mation strain ellipse.8 From this ellipse, the magni-
tude and orientation of the principal strain was
calculated. The magnitude of the maximum tensile
strain was plotted as function of depth (Fig. 7).

The region of the largest tensile strain was con-
fined to the region � 2 mm from the surface (Figs. 6
and 7). It was in this near surface region that the
greatest change in mechanical properties was ex-

pected. The two important processing parameters,
which control the microstructural gradient, were the
processing speed and die temperature. The effect of
each these two parameters on local tensile strain is
shown in Figure 8, in which the maximum tensile
strain was plotted as a function of forming speed
and distance from the surface. The three plotted sur-
faces are for temperatures of 100, 130, and 1608C.
The largest tensile strains develop at high tempera-
tures and slow forming rates. These strain gradients
produce a microstructural gradient, which controls
the mechanical gradient.

It is also evident from Jaeger’s analysis that the
direction of the resulting maximum tensile strain

Figure 4 Contours of calculated temperature distribution
in the transverse cross-section of the specimen for the dif-
ferent forming speeds shown in Figure 3 [(a) 0.2; (b) 5; (c)
20; and (d) 100 mm/min].

Figure 5 Detailed temperature profiles for increasing
forming speeds (arrow). The speeds are 0.2, 0.5, 2, 5, 10,
20, 50, and 100 mm/min.

Figure 6 Transmitted light optical micrograph of a cross-
section of the near surface region of a processed sample
showing the distortion of the initial straight (vertical) fidu-
cial line. The heated surface is at the top. The scale bar is
2 mm. Forming speed 0.2 mm/min.
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rotates toward the shear plane with increasing
applied shear. The increase in shear strain toward
the surface results in a rotation of the principal axis
of the strain ellipse. Since the molecular orientation
follows the direction of maximum tensile strain, at
the specimen surface, it is oriented parallel to the
surface, but with increasing depth rotates to an angle
y (Fig. 7) with respect to the surface, which depends
on the shear strain at that depth. This has been con-
firmed qualitatively by examining thin sections of
the processed specimens in polarized transmitted
light. Since the molecular axis lies parallel to the
principal strain, measurement of the optical birefrin-
gence could be used to define the direction of maxi-
mum tensile strain.

Microstructural effects

The material, which developed the largest near sur-
face tensile strains, was examined in greater detail.
The strain gradient in the specimen results in a
microstructural gradient, which is seen in Figure 9.
The processed material was cut into thin sections,
parallel to the deformed surface, and examined in
the optical microscope in transmitted light under
crossed polarizers. The micrographs show that a
spherulitic microstructure, typical for unoriented
melt-crystallized polypropylene, is found at depths
near 2.5 mm from the deformed surface. This is con-
sistent with the depth at which the tensile strain
becomes negligible (Fig. 7) is small. In regions
approaching the top surface, the spherulites elongate
with higher aspect ratios approaching the surface
within this layer thickness. At large tensile strains,

Figure 7 Maximum tensile strain calculated from the
measured distortions. Forming speed 0.2 mm/min.

Figure 8 Measured effect of deformation rate and dis-
tance from the heated surface on maximum tensile strain.
The die temperatures are 100, 130, and 1608C (bottom to
top). Forming speed 0.2 mm/min.

Figure 9 Transmitted light optical micrographs (crossed
polarizers) of cross-sections from depths 0.8, 1.5, 1.9, 2.1,
and 2.5 mm from the heated surface (which is at the top).
Forming speed 0.2 mm/min.
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the spherulites disappear as the microstructure
becomes disrupted. The overall optical birefringence
of the oriented molecules is much strong closer to
the surface, consistent with improved degree of ori-
entation. In the region closest to the surface, micro-
cracking parallel to the orientation direction appears,
as the large tensile strains begin to form the elon-
gated voids characteristic of hot drawn polypropyl-
ene (1).

The DSC scans comparing surface to core material
after processing are shown in Figure 10. These are
heating scans, with the peaks representing the melt-
ing endotherms. An unoriented material (A) shows a
single peak typical of spherulitic polypropylene. The
surface region of the processed sample shows an
endotherm with two peaks at 152 and 1628C (B).
These indicate the presence of two distinct popula-
tions of lamellae, the first a metastable crystallite
and the second the equilibrium structure.9 This can
be explained as follows.

The thermomechanical process in the near surface
region involves a large plastic strain at elevated tem-
perature, similar to a process of hot drawing in
which the original lamellar and spherulitic structure
is destroyed (by interlamellar and intralamellar de-
formation mechanisms), and subsequently recrystal-
lized into the familiar oriented structure. The highly
deformed surface region has the same monoclinic
crystal structure as the undeformed core material
(Fig. 11). The surface region shows a moderate
degree of orientation, similar to that seen in hot
drawn material (Fig. 12). As expected, the strong
(110) peak lies in a plane normal to the direction of

maximum tensile strain, indicating the lamellae nor-
mal lie parallel to the maximum tensile strain (i,e.,
the molecular axis is parallel to the principal strain
axis). The X-ray specimens are � 1 mm thick, and so
the diffraction pattern in Figure 12 represents the av-
erage orientation over that depth dimension.

Figure 10 Differential scanning calorimetry heating scans
for (A) core material (unoriented) and (B) surface material
(oriented). Forming speed 0.2 mm/min.

Figure 11 Indexed X-ray diffractometer scan of near sur-
face material. Forming speed 0.2 mm/min.

Figure 12 Transmission X-ray diffraction pattern of near
surface material in formed sample (the orientation direc-
tion is vertical) (Ni-filtered Cu Ka). Forming speed 0.2
mm/min.
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Hot-deformed polypropylene is expected to have a
distribution of lamellar sizes and defect densities,
which depend on the local temperature and strain
during deformation.10,11 More recently, a similar
microstructural evolution, which develops at large
plastic strains has been reported for hot-deformed
syndiotactic styrene/p-methyl styrene copolymer.12

In general, the relative stability of microstructures,
which evolve on hot drawing, depends on the tem-
perature and strain rates imposed during deforma-
tion. Recrystallized structures produced at the higher
deformation temperatures are more stable, while at
lower temperatures and higher strain rates, the
structures tend to be less stable, with significant in-
ternal stresses from unrelaxed amorphous material
and high defect content in crystals. The reported
equilibrium melting temperature for crystalline poly-
propylene is 186.18C,13 which suggests that the origi-
nal and deformed polypropylene in the present
study are ‘‘nonequilibrium,’’ with the higher melting
temperature endotherm representing a relatively sta-
ble form of the crystal. For the present experiments,
the finite thickness (0.2–0.3 mm) DSC samples con-
tain a mixture of microstructures since there is a
sharp gradient in temperatures, strains, and strain
rates in the deformed specimen.

The multiple melting peaks seen in Figure 9 can
be explained in terms of different lamellar thick-
nesses.13 The peak temperatures are consistent with
long periods in the range 10–17 nm, which is in the
range reported for hot-drawn polypropylene.1 The
smaller lamellae melt at the lower temperatures and
can recrystallize to form larger crystals, which subse-
quently melt at the higher temperatures during the
DSC heating.

A more detailed explanation for the multiple melt-
ing peaks in drawn polypropylene has been suggested
by Yan et al.14 The low temperature DSC peak was
associated with constrained crystallization during
drawing. The second peak temperature depended on
the draw ratio and hence was different from the
spherulitic melting peak temperature of the unde-
formed material. It was suggested that the two peaks
represent two crystal thicknesses, found outside, and
within the microfibrils, which are produced during
large strain tensile deformation in polypropylene. The
first crystal was thought to be a quasi-amorphous
crystal, presumably with high defect content similar
to that described by Ward and coworkers.15 The sec-
ond peak was interpreted to arise from the melting of
standard folded chain lamellar crystals. Yan et al.14

suggested that upon melting in the DSC, the metasta-
ble material melts at the lower peak temperature and
partially recrystallizes to form the lamellar morphol-
ogy with a higher melting temperature. The process
of recrystallization has also been suggested by others
as a source of double-melting peaks.16,17

Gradient of mechanical properties

The in-plane stiffening of the surface layer can be
seen in Figure 13, in which the measured tempera-
ture-dependent storage modulus (parallel to z, the
forming direction) is shown. The material (A) from
the near surface region of the processed sample is
much stiffer than the core, unoriented material (B).
The oriented material was cut from a thin slice at
the surface (thickness 5 1.7 mm) of the processed
specimen, in a sample formed at a speed of the 0.2
mm/min.

The anomolous increase in modulus approaching
1508C may be due to the recrystallization of the met-
astable ‘‘quasi-crystals’’ proposed by Yan et al.,14 as

Figure 13 Dynamic mechanical thermal analysis of (A)
surface and (B) core. The top figure is the storage modulus
and the bottom is the loss tangent. Forming speed 0.2
mm/min.
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the material is heated through this temperature
range. The average modulus of the crystalline frac-
tion can increase as a result of recrystallization in
the DMTA. Heating replaces crystals with high
defect density with those, which are more ‘‘perfect.’’
Crystals with high defect density have a lower mod-
ulus than more ‘‘perfect’’ crystals. The loss tangent
for the unoriented core shows the characteristic
broad maximum near 1008C, which is the expected b
relaxation for polypropylene. However, the oriented
material shows a continuous rise in loss with
increasing temperature, suggesting the shift of the
broad b peak to higher temperatures in this oriented
surface material. The crystallization near 1508C
appears as the sudden drop in loss near the end of
the test.

An alternative explanation for the anomolous rise
in modulus at high temperatures may be from an
increase in the entropic retractive stress parallel to
the orientation direction, which results from the
shrinkage of the specimen. However, there was no
experimental evidence for any significant distortion
of the specimen during the heating for the DMTA.

Microindentation

The use of displacement-controlled microindentation
to measure local mechanical properties has been
described earlier.2,3,18–21 Unlike standard hardness
tests, in which a prescribed load is applied to a
tapered tip, these tests control the tip position in dis-
placement control. The deep penetration tests
involve the constant velocity indentation to depths
of the order (and greater) than the tip diameter. In
homogeneous isotropic polymers, an analysis of the
stress and strain fields under the flat punch micro-
indenter shows that the stress field is largely re-
stricted to a region � 1 tip diameter in front of the
tip. The spatial resolution in the transverse plane is
slightly larger than the tip diameter. By using differ-
ent tip diameters, the spatial resolution of the mea-
surement can be adjusted.

The phenomenology of inelastic deformation in
front of the moving tip has been reported for unor-
iented polymers.2 Recent work on deep penetration
microindentation of oriented polypropylene has
studied the micromechanics under the tip for pene-
tration parallel to the orientation direction.21 It was
noted that indentation perpendicular to the orienta-
tion direction was considerably ‘‘harder’’ than tests
parallel to the molecular axis. The modulus, how-
ever, was notably smaller in the transverse direction.
A qualitative understanding of the mechanical
behavior under the indenter tip is as follows.

The sharp discontinuity at the outer edge of the
tip face generates a large stress in the polymer. Yield
initiates in these small local volumes. With increas-

ing penetration, the plastic zone increases in size,
moving ahead of the tip. The plastically deforming
material is pushed aside as the indenter tip moves
down into the material. The critical indentation
stress depends on the elastic and plastic properties
of the material, which resists the movement of mate-
rial to the side of the indenter as it moves. Ignoring
the work-hardening characteristics of the material,
the indenter stress is related to the yield stress of the
material, which, in turn, is represented by the con-
straint factor.18–20 For anisotropic polymers, the elas-
tic and plastic anisotropy strongly affect the defor-
mation mechanisms in the material. The load-
displacement output from the test can be normalized
for specific microstructures, and the tensile yield
stress for the material estimated.2

For a continuum solid, with no microstructural
inhomogeneities, the mechanics of indentation scale
with the tip diameter, and results from different tip
diameters can be normalized with respect to the tip
diameter. The flat cylindrical microindenter therefore
samples a volume of material restricted to the region
� 1 diameter around the face of the moving tip. The
plastic zone develops as the indenter moves into the
material, until at a depth of less than ½ diameter, a
steady-state deformation zone has developed. The
increasing punch stress at small depths of indenta-
tion is linear with depth, the observed hardening
due to an increasing plastic volume. The steady state
is indicated by the smooth decrease in slope of the
stress-displacement curve.

Microindentation stress-displacement curves are
shown in Figure 14. The tests were performed at dif-
ferent depths from the processed surface. In this

Figure 14 Deep penetration microindentation tests for
increasing depths (arrow) from the formed surface (0.6,
1.2, 1.6, 1.8, 2.0, and 2.2 mm). Forming speed 0.2 mm/min.
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way, the penetration curves could be analyzed fol-
lowing the earlier normalization procedures. Tabor
suggested that the large displacement linear portion
of the curve could be extrapolated back to the zero
displacement axis to obtain the intercept with the
stress axis (9). This stress is proportional to the ten-
sile yield stress of the material. This was confirmed
in earlier work on unoriented polyethylene.2 In the
present case, a Tabor factor of 2.6 was estimated.
The tensile yield stress calculated from the microin-
dentation tests of Figure 14 are shown in Table I. A
clear strengthening is observed in the material closer
to the surface.

The higher degree of orientation and resulting
higher measured hardness is accompanied by an
increase in extent of cracking around the residual in-
dentation after the indenter is removed (Fig. 15). The
images are taken in from reflected light from differ-
ent depths. Each image represents a residual inden-
tation from a deep penetration test run by succes-
sively polishing back the surface to the depths

indicated before running the test. The surfaces were
coated with thin a reflective AuPd layer (� 15 nm)
deposited after testing by vacuum evaporation.

Cracking closer to the surface reveals progres-
sively larger residual cracks of a similar nature to
those shown here. The cracking is consistent with
the increased degree of orientation closer to the sur-
face. The practical result is that although the pene-
tration resistance at the surface is increased, the
extent and amount of longitudinal cracking is also
increased. The cracking, however, does not affect the
resilience of the surface to normal penetration, as
indicated by the large displacements recovered in
the microindentation curves.

For the specimen formed at 0.2 mm/min, the
changes in mechanical response of the material
therefore appear to occur in the surface layer to a
depth of � 2 mm. The depths for other forming
speeds at which the forming temperature is the
same can be estimated from Figure 5. These are plot-
ted in Figure 16 as a function of forming speed. This
depth represents the thickness of the near surface
region within which the material is expected to be
substantially deformed during processing. The thick-
ness of the processed near surface layer saturates at
about 0.5 mm and further increases in forming speed
produce negligible changes. The evolution of micro-
structure at a particular depth, of course, depends
additionally on the local strain rate and state of
stress, which are not known. The increasing localiza-
tion of the strain at higher forming speeds, however,
is consistent with the observation of increased longi-

Figure 15 Cracking surrounding the residual indentations in the surface (80 lm diameter) as a function of depth (2.2, 2.0,
1.8, 1.6, 1.4, and 1.2 mm). The cracks are parallel to the orientation direction. Forming speed 0.2 mm/min.

TABLE I
Depth Dependent Yield Stress

Distance from
Surface (mm) Strain

Yield stress
(MPa) Pm 5 2.6 ry

0.63 4.70 51.1
1.20 2.03 49.3
1.57 1.32 48.4
1.77 1.08 47.9
2.00 0.89 45.9
2.23 0.73 41.5
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tudinal cracking at high speeds: resulting from the
larger internal stresses for high strain gradients.

CONCLUSIONS

The deformation of the near surface region in poly-
propylene can be controlled to some extent by
adjusting the temperature distribution, which affects
the strain gradient. The microstructural variation
across this thin zone has been examined and corre-
lated with the measured gradient in mechanical
properties.

The assistance of Mr. Bert Verhagen in completing the ex-
perimental work is gratefully acknowledged.
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Figure 16 Thickness of the near surface deformation zone
as a function of forming speed. Estimated from Figure 5.
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