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Abstract This paper presents the high temperature
nanoindentation experiments performed on an aerospace
polymer resin—PMR-15 polyimide. The sharp-tipped
Berkovich nanoindenter equipped with a hot-stage
heating system was used. The indentation experiments
were performed using the “hold-at-the-peak” method at
various indenter holding times and unloading rates. The
creep effect was seen to decrease with increasing
holding time and/or unloading rate. Procedures used to
minimize the creep effect are investigated at both
ambient and elevated temperatures so that the correct
contact depth (together with modulus and hardness) can
be determined from nanoindentation load-depth curve.
The temperature dependent mechanical properties of
PMR-15 are measured through the current nanoindenter
and results are consistent with those obtained from
macroscopic tests.
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Introduction

The nanoindentation technique has been well recognized
as a small scale test for characterizing the mechanical
properties of materials in small dimensions or in
localized regions. It employs high-resolution actuators
and sensors to continuously control and monitor the
loads and displacements on an indenter as it is driven
into and withdrawn from a material. From the load-depth
response, many useful engineering properties can be
extracted, including the static properties such as modulus,
yield strength, and fracture toughness [1-7] and the
viscoelastic properties such as creep and stress relaxation
[8—10]. However, the nanoindentation technique is current-
ly limited to measuring the mechanical properties at
ambient temperature. Several technical issues exist sur-
rounding the use of nanoindentation at elevated temper-
atures, including (1) thermal equilibration of samples and
instrument, (2) instrumental drift at high temperatures, and
(3) temperature-induced changes to the indenter tip function
(indentation area function).

Only a scant amount of literature is available addressing
the use of high temperature nanoindentation and the work
has been limited to linear, elastic materials [11-14]. Beake
and Smith are the first to report the high temperature
nanoindentation experiments [11]. The tests were con-
ducted on fused silica and soda-lime glass and the modulus
and hardness measured up to 400°C. Schuh et al. [12] has
recently conducted a comprehensive study on high temper-
ature nanoindentation on fused silica. Significant modifica-
tion has been made on the nanoindenter equipment to
address fundamental issues related to the high temperature
nanoindentation such as thermal drift and machine equilib-
rium. Volinsky et al. [13] and Sawant and Tin [14] have
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recently reported the uses of high temperature nanoinden-
tation on characterizing the mechanical properties of hard
thin films and single crystal super-alloys.

All these high-temperature nanoindentation works have
been limited to the hard materials (ceramics and super-
alloys). In the present study, the high temperature nano-
indentation tests were performed on a relatively softer
material-PMR-15 polyimide. PMR-15, prepared by poly-
merization of monomeric reactants, has been widely used as
the matrix resins in fiber-reinforced composites for various
aerospace high temperature applications. Thermo-oxidative
degradation of polymer matrix composites is clearly a
subject of major importance as designers push the high
temperature endurance limits of polymer composites to
improve the performance of aerospace systems. The high
temperature aging behavior of PMR-15 resin has been
studied by a number of authors [15]. Using optical
microscopy and nanoindentation techniques, it has been
reported [16] that for PMR-15 polymer degradation occurs
within a thin surface layer that develops and grows during
thermal aging. Evidence for changes occurring on the aged
sample surface has been further provided by microscopic
FT-IR [17]. The FT-IR spectra and indentation measure-
ments also indicated that no changes whatsoever occurred
in the interior of PMR-15 specimens aged for hundreds of
hours at elevated temperatures. In the present experiments,
the unaged PMR-15 neat resin was characterized using a
nanoindenter equipped with a hot-stage heating system. The
objective is to develop a reliable testing and analysis
methodology for measurement of temperature-dependant
mechanical properties using high-temperature nanoindenta-
tion technique.

Experimental Technique
Materials

Rectangular PMR-15 neat resin plaques were compres-
sion molded by Hycomp Inc.(Cleveland, OH) according
to the manufacturer’s suggested cure cycle [18] and
subsequently post-cured in air for 16 h at 316°C'. Smaller
specimen (100 mmx 100 mmx>2 mm) was subsequently
cut from the plaque using a diamond saw with distilled
water as a cooling media. The specimen was washed using
a common household soap and then rinsed with distilled
water for a minimum of 5 min. Rubber gloves were worn
throughout while handling the sample in order to prevent
contamination of specimens from oils, etc. The specimen
was then dried with standard paper towels and placed in a

! The post-cure temperature was incorrectly stated as 343°C in [16,
25]
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vacuum oven at 105°C for a minimum of 48 h to remove
any moisture within the samples, and stored in a nitrogen
purged desiccator until testing. The specimen was then
potted in Jeffamine 828-D230 epoxy resin that was cured
at room temperature for 3 days. The surface of the
specimen was prepared by grinding papers and polishing
compounds, the final polishing compound being alumina
with an average particle size of 0.3 wm. The potted
specimen was used for surface profiling, optical micros-
copy measurements and nanoindentation testing.

Equipment

The high-temperature nanoindentation tests were performed
on a Nano Indenter XP equipped with thermal control
system (MTS Nanolnstruments, Oak Ridge, TN). The
thermal control system consists primarily of (a) a hot-
stage assembly positioned below the test specimen, (b) a
stainless steel heat shield that is used to isolate the indenter
transducer assembly from the heat source, (c) a coolant
system that is used to remove heat from the surrounding
stage, and (d) a temperature controller. The hot-stage
assembly is an aluminum stage holder containing a
resistance-type microheater, a coolant port and a ceramic
isolator. The temperature of the hot-stage can be set up to
400°C by using an electronic controller and monitored by a
LabView data acquisition system through a J-type thermo-
couple embedded inside the hot-stage. The PMR-15
specimen was mounted to a special sample disk using a
high-temperature adhesive (Poly-2000). This adhesive is
designated for extreme temperature applications, up to
1,090°C, and possesses a minimum amount of thermal
expansion.

The Berkovich diamond indenter was used in the present
experiments. The indenter has a nominal tip radius <20 nm
and an inclined angle of §=65.3°. The latest tips provided
by the manufacturer had all been brazed onto the tip holder,
a process allowing tips to be used at elevated temperatures.
The entire tip assembly was attached directly to the force
transducer which is behind the installed heat shield. To
minimize the distribution of heat into the entire testing
system, the specimen (mounted on the hot-stage) was
heated outside the machine and then brought in contact
with the indenter tip. As the hot specimen was in contact
with a cold tip, rapid heat transfer occurred. Additional time
(~60 min.) was given for redistribution of heat to ensure the
indenter-specimen system equilibrated at the given test
temperature. The thermal drift rate used was 0.1 nm/s. After
each temperature experiment, the tip was cleaned to ensure
that it was not contaminated by heated polymer samples.
The applied load and penetration depth were recorded
during each test and used to compute the modulus and
hardness of the materials.
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Data Analysis

Polymers exhibit time-dependent viscoelastic deformation,
i.e., creep, particularly at elevated temperatures. It is
known that during the nanoindentation of a viscoelastic
material, the resultant load—displacement plot may
exhibit a “nose” (or a “bulge”) in the initial unloading
segment due to excessive creep. When a “nose” occurs,
the resultant contact stiffness will be negative [19-22].
To reduce the creeping effect (as well as other effects such
as instrument drift) on the unloading set of data, a
technique called “held-at-the-peak” has been recently
adopted for nanoindentation testing of polymers [19-22].
That is, the indenter is held at the maximum load for a length
of time prior to unloading, a procedure allowing the material
to relax and provoking the disappearance of the “nose”.
Once the apparent “nose” is eliminated from the initial
unloading curve, the elastic contact depth can be estimated
from the indentation load-depth curve through a modified
Oliver-Pharr equation [22]

P
— hgreep) — 0.75 —2 (1)

hc - (hmax Sc

where h, is the maximum indentation depth and hyeep the
change in the indentation depth during the holding time.
Prax 1s the peak load and S. the elastic contact stiffness.
According to Ngan and Tang [19], the total displacement
under the indenter at the moment of unloading can be
decomposed into elastic component (h,) and creep compo-
nent ( hy), based on a simple spring-dashpot model. Thus,
the elastic contact stiffness (S.) can be determined from the
apparent stiffness (S) as follows [19]

Loh _dheth) Ok 1k
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where S is the apparent stiffness that is determined from the
slope of the unload curve evaluated at the maximum depth
S = (dpP/ dh)h:h‘m). h,, is the creep rate at the end of the load
hold and P the unloading rate. Substituting equation (2b) into
equation (1), the correct contact depth is determined by
1 h
hc = (hmax - hcreep) - 0-75Pmax (§ - ?) (3)

Once the correct contact depth is known, the indenter-
sample contact area (A) can be estimated through a tip-area
function. The tip-area function is an experimentally

determined function of the contact depth, 4., expressed as
follows

A:Co-h§+ZCi~hi/2',n:8orless 4)
i=1
where Cy and C; are coefficients determined through a
calibration process on reference materials (high-purity
fused silica) provided by the MTS. The first term (Cy)
would be the area versus contact depth for a perfectly sharp
Berkovich indenter while the following terms (C;) account
for tip bluntness.
After estimating the indenter-sample contact area (A),
the elastic modulus (E) and hardness (H) can be calculated
following the standard procedures [5, 6]

1 —v?
E=——7> (5)
E Ei’
H = Poa /A (6)

where Er:r‘@@% and E; and ~v; are the elastic
modulus and Poisson’s ratio of the indenter (for diamond

indenter: E;=1,140 GPa and v=0.07).

Results and Discussion
Creep Effect in Nanoindentation of Polymers

PMR-15 is a thermoset polymer and known to exhibit
viscoelastic creep, particularly at elevated temperatures.
The standard nanoindentation test is based on the
assumption that the deformation during initial unloading
is purely elastic. Thus, by curve-fitting the slope of the
initial unloading curve, the elastic contact stiffness (S.)
can be computed, from which the contact depth (h.) and
elastic modulus (E) are calculated [5, 6]. When indenting a
material exhibiting time-dependent deformation, errors
may occur in determining the contact stiffness and contact
depth using the same method (due to the presence of
viscoelastic creep at the initial unloading). To minimize
the creep effect, the present experiments were performed
using the “hold-at-the-peak” method, a procedure pro-
posed by some researchers for indenting viscoelastic
materials [19-22]. In the tests, the indenter was loaded at
a maximum load, held at the peak for a length of time and
then unloaded. Various indenter holding times and
unloading rates were used to investigate the creep effect.

Figures 1(a), (b) and (c) show the indentation load-
depth responses of PMR-15 at ambient temperature (7=
23+0.5°C). In each test, the PMR-15 specimen was
indented using the ‘“hold-at-the-peak” method under
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Fig. 1 Indentation load-depth curves of PMR-15 polyimide with a
holding time of (a) 2 s, (b) 20 s, and (¢) 120 s

increased load up to a maximum of 500 mN. The holding
time in Fig. 1(a), (b) and (c) is 2 s, 20 s, and 120 s,
respectively. It is observed that while held at constant
load, the indenter continues to penetrate into the specimen,
an indication that the present PMR-15 material undergoes
creep deformation even at ambient condition. For com-
parison, the high purity fused silica, a linear elastic
material, was tested under the same conditions (with
holding times of 2 s, 20 s and 120 s). As an example, the
load-depth curves under a 20 s holding time are shown in
Fig. 2. It is seen that no visible creep has occurred on
fused silica, which is consistent with the results reported
by Beake and Smith [11].

As the holding time increases from 2 s to 120 s, the
creep distances increase as expected [Fig. 1(a), (b), (¢)].
The amount of creep also increases with the increase of
indentation load, as seen in Fig. 1(a), (b), (c). To better
illustrate the creep effect, Fig. 1(b) is re-plotted by showing
the indenter displacement at each holding-time segment
(Fig. 3). The plots show that the indentation displacement
increases rapidly at the initial holding time, then stabilizes
at longer holding time, an indication that a quasi-steady
flow state may have reached in the material. From these
creep plots, the indentation creep rates during holding
period can be calculated by &, = dh, /Ot [23, 24]. In this
paper, the indentation creep rate, h,, was normalized with
the indenter unloading rate, P, where P = OP/t. The
normalized creep rate (hy /P), the third term in equation (3),
can be viewed as a “creep factor” during the indentation of
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Fig. 2 Indentation load-depth curves of fused silica with a holding
time of 20 s



Exp Mech (2010) 50:491-499

495

500
300 mN

400

3

£ 190 mN

e

£

£ 300

8

g 110 mN

o

o

£ 200 |

2 70 mN

s

c

[}

2

= 100 60 mN

0 T T T T T
0 5 10 15 20 25

Time (sec)

Fig. 3 Creep response of PMR-15 during holding period. This figure
is a re-plot of the holding-time segments in Fig. 1(b)

polymeric materials. It is seen that a small creep factor
would require a long load-hold period and/or a fast indenter
unloading rate.

The normalized indentation creep rates (liv/P) of the
present PMR-15 were calculated, based on the results
shown in Fig. 3. Overall, the indentation creep rates, or the
creep factors, are higher at the beginnings of the indenter
holding period and then decrease with increasing the
holding time (Fig. 4). The creep factor is also affected
by the indenter unloading rate (P) The larger the P, the
smaller the creep effect. For the present highly cross-
linked PMR-15 polyimide, the creep factor has become
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Fig. 4 Variations of creep factors (normalized creep rates) during
nanoindentation of PMR-15 polyimide at ambient temperature

negligibly small at longer holding time. These experi-
mental results are consistent with a recent study by
Cheng and Cheng [21]. They conducted the finite
element simulation on nanoindentation of viscoelastic
materials and found that the contact stiffness obtained
from the initial unloading response may be affected by the
indenter holding history and initial unloading condition.
An indenter hold period is necessary to minimize the creep
effect occurred at the onset of indenter unloading. The
creep effect can also be reduced by using a fast unloading
rate.

Various indenter holding times have been used in the
present PMR-15 experiments, ranging from 0.1 to 120 s
(Fig. 5). From the initial unloading responses, the elastic
contact stiffness (S.) was calculated as a function of
holding time, via equation (2b). As seen in Fig. 6, S,
remains relatively unchanged at longer holding times (as >
1 s). Similar results have been reported by other researchers
[20, 22]. For example, Briscoe et al [20] has performed the
nanoindentation tests on an amorphous polymethymetha-
crylate using a holding time up to 300 s and found that the
apparent stiffness is stable with increasing holding time.
Geng et al. [22] used a similar indenter to test a low
modulus polymer film and showed that the indentation
modulus remained unchanged after a 2 s holding period.
(The creep component during the initial unloading was not
subtracted from the apparent stiffness in those papers). Also
shown in Fig. 6 is the variation of the elastic component of
the total indenter displacement (hpax-hereep), the first term
in equation (3). As expected, this term is independent of the
holding time.
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Fig. 5 Effect of holding time on indentation unloading responses of
PMR-15 polyimide. The arrow points to the direction of longer
holding time
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Fig. 6 Variations of elastic contact stiffness (Se) and total elastic
deformation (hmax-hcreep) of PMR-15 polyimide as a function of
holding time. The elastic contact stiffness (Se) was calculated using
equation (2b). The unloading rate was 250 mN/s

Nanoindentation of PMR-15 at Ambient Temperature

From the load-depth curves, critical parameters such as
himaxs Nereeps Pmaxos }iv, P and S were obtained. Substituting
the information into equations (3—6), the elastic modulus
and hardness of the PMR-15 were computed. Figure 7
shows the dependence of the average elastic modulus of
PMR-15 on holding time. The modulus is higher initially
since the creep effect is dominant at smaller holding time.
Then, the modulus converges to a plateau value as the
holding time is greater than approximately 1 s. Concerning
all other potential effects (including the instrument drift to
be discussed in later section), a 2 s holding time is deemed
to be sufficient and used in subsequent experiments. The
optimal holding time depends upon the material tested. In
general, a stiffer polymer requires a shorter holding time.
The mechanical properties obtained from nanoindenta-
tion experiments may be affected by the surface quality of
the specimen. In the current experiments, the polymer
specimens were prepared by grinding papers and polishing
compounds, the final polishing compound being alumina
with an average particle size of 0.3 pum. The surface profile
of the present PMR-15 specimen has been studied by using
a White Light Interferometer (WYKO NT1100). The White
Light Interferometer scans the surface of the specimen
vertically and generates the surface topography in three-
dimensions. By analyzing the 3D image, quantitative
information about the surface can be calculated. The
average roughness of the surface is approximately
170 nm. In addition to the surface imperfectness, the outer
layer of the specimen may be strain hardened during sample
preparation stage (the surface of the specimen is polished
aggressively through various polishing compounds). All
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Fig. 7 Effect of holding time on elastic modulus of PMR-15
polyimide at ambient temperature

these factors can contribute to errors in estimating the true
mechanical properties during nanoindentation.

In the present experiments, the indenter was
programmed to cyclically load and unload into the
specimen under progressively increased load, up to a
maximum of 500 mN. This way, the indentation load-
depth curves were recorded at various depths, as illustrated
earlier in Figs. 1 and 2. From those curves, the depth-
dependent elastic modulus and hardness were computed
through equations (3—6). As seen in Fig. 8(a) and (b), the
modulus and hardness are higher at shallower depths, and
then reach plateau values at a depth greater than approx-
imately 500 nm. The average elastic modulus and hardness
determined for unaged PMR-15 resin is 4.26 GPa and
0.44 GPa, respectively, which are close with results
reported in literatures (obtained by dynamic modulation
method) [25, 26].

Nanoindentation of PMR-15 at Elevated Temperatures

Although a substantial body of literatures is available on
nanoindentation, only a few have dealt with nanoindenta-
tion at high temperatures and the studies have been mostly
concentrated on standard reference material, i.e., high
purity fused silica. Beake and Smith are apparently the
first who have reported the high temperature nanoindenta-
tion experiments [11]. They used a nanoindenter from
Micro Materials Ltd (Wrexham, UK) to examine the
mechanical properties of fused silica up to 400°C. The
results show that the elastic modulus of fused silica
increases by a factor of 1.1 as the temperature increases
from ambient to 200°C. Schuh et al. [12] tested fused silica
by using a nanoindenter from Hysitron, Inc (Minneapolis,
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reported by Schuh et al. [12].
s The nanoindentation tests were then performed on PMR-
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investigated at elevated temperatures and results indicate
that a 2 s holding period seems to be sufficient for
02 minimizing the creeping effect on initial unloading re-
sponse (Fig. 10). Holding the indenter for a longer time at
elevated temperature may not be beneficial since it may
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Fig. 8 (a) Indentation depth dependent elastic modulus of PMR-15
polyimide at ambient temperature. (b) Indentation depth dependent
hardness of PMR-15 polyimide at ambient temperature

USA) with a self-built heating-cooling system. It is
concluded that the modulus of fused silica increases by
about 1% for every 100 K, or by a factor of 1.01 from room
temperature to 200°C.

The current high temperature experiments were per-
formed on a MTS Nano Indenter (Oak Ridge, TN) using
XP mode. The indenter is equipped with a hot-stage heating
system and a thermal-protective shield (to prevent the
radiation of heat from hot-stage to indenter transducer
assembly). Prior to testing PMR-15, the fused silica was
examined. Figure 9 shows the load-depth curves of fused
silica tested from 120°C to 240°C. It is observed that there
is negligible difference in load-depth responses. Detailed
calculations show that the modulus of fused silica increases
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Fig. 10 Effect of holding time on elastic modulus of PMR-15
polyimide at 200°C
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drift. In a high temperature nanoindentation experiment, the
potential sources of thermal drift may include the thermal
expansion of indenter tip, the transient thermal contraction
at tip-specimen interface, and electric drift of the sensing
and actuating devices. Over a longer period of holding
time, these potential drifts may cause additional movements
at the indenter tip and thus affect the indentation response.
The drift effect becomes evident on the creep curve of
PMR-15 at 200°C as recorded during indenter holding time
segment (Fig. 11). Compared to the smooth creep curve
obtained at ambient condition, the creep curve at 200°C is
much nosier, showing signs of both expansions/contrac-
tions due to various sources of thermal drifts.

Figure 12 shows the indentation loading-unloading
responses of PMR-15 at elevated temperatures (50-200°
C). The load-depth curve becomes less stiff as temperature
increases. Following the same analysis procedures used in
room temperature experiments, the elastic modulus and
hardness were computed. A total of 36 measurements were
conducted at each temperature on two separate specimens.
Measurements obtained at each testing condition are
consistent and the amount of error (deviation) is small.
This indicates that the current high temperature nano-
indentation technique is reliable for quantitative character-
izations of local material properties at elevated
temperatures.

Finally, the average elastic modulus of unaged PMR-15
resin obtained from nanoindentation tests is plotted as a
function of temperature, as shown in Fig. 13. Also shown in
the figure are the temperature-dependent elastic moduli of
the same PMR-15 resin obtained from conventional tension
and compression tests. The overall trend from nanoinden-
tation test is consistent with those from macroscopic tests. It

700

600 -|
200°C

500 |
25°C
400 4

300 4

200 4

Indentation displacement (nm)

100 4

0 T T T
0 2 4 6 8 10 12

Time (sec)

Fig. 11 Creep responses of PMR-15 during indenter holding segment
=10s)

SEM

T(°C): 50 100 150 200
60
room temp
z
£ 40
T
©
S
c
S
5
S 20-
T
£
0_ T T
0 1000 2000 3000 4000

Indentation depth (nm)

Fig. 12 Indentation load-depth curves of PMR-15 polyimide at
elevated temperatures

is noticed that the polymer resin has slightly higher
modulus under compressive mode. This is likely a result
of the hydrostatic component of the stress field when the
specimen is under compression, since the mechanical
properties of polymers are known to be pressure dependent
[27].

Conclusions

The high temperature nanoindentation tests have been
performed on PMR-15 polyimide neat resin using a
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Fig. 13 Temperature-dependent elastic modulus of PMR-15 poly-
imide obtained from high temperature nanoindentation. The dashed
lines shows the temperature-dependent Young’s modulus obtained
from conventional tension and compression tests
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nanoindenter equipped with a hot-stage heating system.
The indenter has been programmed to perform the
“hold-at-the-peak” experiments using various indenter
holding times and unloading rates. The normalized
creep rate, a measure of creep effect, decreases with
increasing indenter holding time and/or unloading rate.
Analytical procedure has been modified to take into
account the holding time and unloading rate so that the
correct contact depth, along with elastic modulus and
hardness, can be calculated. The effective holding time
has been determined for the present PMR-15 at both
ambient and elevated temperatures.

The high temperature mechanical properties of PMR-15
neat resin have been examined with the nanoindenter up to
200°C. Overall, the results follow the same trend as data
obtained from macroscopic tests. Statistical analysis reveals
that the variations in nanoindentation measurements per-
formed at elevated temperatures are at a minimum. It thus
indicates that the current high temperature nanoindentation
technique is reliable for quantitative characterizations of
mechanical properties of polymers/composites at elevated
temperatures.
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