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Abstract In Hopkinson pressure bar experiments on ceramics, the stress inequilibrium and indentation of the
specimen to bar ends are critical issues due to the brittle nature and high strength of ceramics. Theoretical
analysis is employed to reconstruct the loading process for investigating the influence of the stress inequilibrium.
The results indicate that it has little influence on the accuracy of stress—strain curves and accurate peak stress
measurements during the dynamic test can be made. The optimized bilinear incident wave is formulated
for achieving the stress equilibrium and constant strain rate loading on the specimen, and the experimental
verification demonstrates the feasibility and merits of the bilinear wave in testing brittle materials. Numerical
simulations are also performed to see the effect of bar indentation on stress—strain curves, and simulation
results show strain concentration at both ends of the specimens resulting in premature failure. A specimen
with a dogbone configuration is proposed which can greatly reduce the strain concentration and facilitate the
accurate measurement of stress—strain for brittle materials.

List of symbols

Ag Cross-sectional area of the specimen

c Wave speed of material or bar

CB Wave speed of the bar

e Error coefficient

E Elastic modulus

Efitted Fitted slope of the calculated stress—strain curves

Einput Input value of the elastic modulus

F Reflection coefficient

Fgs The reflection coefficient of the stress wave from bar to specimen
Fsp The reflection coefficient of the stress wave from specimen to bar
k Times of stress wave reverberating between the specimen/bar interfaces
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I Length of the specimen

N Mechanical impedance ratio of bar to specimen

R(t) Stress inequilibrium ratio in the specimen

T Transmission coefficient

Tss The transmission coefficient of the stress wave from bar to specimen
Tss The transmission coefficient of the stress wave from specimen to bar
& The incident strain wave

&r The reflected strain wave

&t The transmitted strain wave

Etrue True strain

Eengi. Engineering strain

&d Desired constant strain rate

o Area ratio of the bar to the specimen

o Reflected stress wave

oi Transmitted stress wave

o1/s Stress at the interface of incident bar/specimen

o1/s Stress at the interface of transmitted bar/specimen

Otrue True stress

Oengi. Engineering stress

Al Distance if two couples of strain gauges cemented on the bar
T Characteristic time of specimen

Ts Rise time of stress wave

0 The mass density of the bar material

1 Introduction

High-strength ceramics have received extensive interest from the scientific and industrial communities due
to their light weight and excellent impact and shock resistance [1,2]. Considering the protection applications
being subject to extreme loads induced by explosions and impacts, it is essential to well understand their
mechanical behavior and constitutive model under wide strain rate loading, in the hope for improving safety
and serviceability of the designed structures [3—7]. It is still challenging for the community of the experimental
mechanics to measure the dynamic properties of ceramics [4—10]. The split Hopkinson bar technique (SHPB)
is the most classical method for high strain rates testing of materials due to its high level of accuracy. It was
originally developed for detecting explosive waves by Hopkinson [8] and developed revolutionarily by Kolsky
[4] to test the dynamic mechanical behavior of materials under high strain rates. However, in experimenting
with ceramics which present a critical brittle behavior, attention must be paid to accurate measurements. In
Refs. [11,12], dynamic mechanical properties and failure processes of ceramics were investigated by using
SHPB with the aid of high-speed cameras. The WC platens were used to avoid the potential damage to the
bar and reduce the indentation. The images from high-speed cameras also indicated that the failure initiated at
both ends of the specimen. Besides, in their experiments, the pulse-shaping techniques were used to trim the
incident wave for the stress equilibrium of the specimen [7,11,12]. Therefore, it was found that for ceramics
with high strength/elastic modulus and critical embrittlement, the experiments of SHPB need to pay great
attention to the following issues. The stress inequilibrium issue is a specific characteristic of the stress wave
from SHPB loading, and the indentation is the other potential issue. Within the initial loading process of SHPB,
the stress inequilibrium inevitably affects the experimental accuracy level, especially in the initial loading time.
Ravichandran et al. [7] suggested that the specimen could achieve the dynamic stress equilibrium after the
linear ramp loading wave had reverberated three times in the specimen, and the concept of limiting strain rate
was proposed based on the previous findings [6,7]. Their conclusions were drawn that the failure strength data
were valid only when the stress state in the specimen was equilibrated (the stress inequilibrium ratio < 5%).
However, there was little information about the quantitative evaluation of the stress inequilibrium influence on
the measurement accuracy.

Within the process of achieving the stress equilibrium, the accumulated strain could be considered espe-
cially for some ceramics with a small failure strain. Thus, more questions need to be answered about the
SHPB technique: how to achieve the stress equilibrium state in specimen sooner, how the stress inequilibrium
influences the accuracy of stress—strain curves, and how to optimize the incident wave to achieve the loading
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of constant strain rate sooner. Yang [13] studied the effect of the specific profile of the incident after analyzing
the effect of the rising edge of the incident wave and found that there was an optimum incident wave shape
which promotes the attainment of the stress equilibrium sooner. Zhu [14] investigated the stress distribution
on concrete-like brittle materials under SHPB loading, and it was found that a different rise time 75 of incident
waves evidently influenced the stress uniformity and that the optimum rise time, either shorter or longer rise
time, would result in a worse situation in stress uniformity. About the inertial effect induced by dynamic
loading, detailed analyses were conducted to deduce the additional stress in the specimen after considering
the inertial effect [4,15-18]. Their results also indicated that loading with a constant strain rate would greatly
reduce the inertial effect. But concerning the question: how to achieve constant strain rate loading, the the-
oretical solution of the incident wave is scarcely treated in the available literature. Fortunately, experimental
methods are available. Frew et al. [19] introduced the pulse shaper technique to achieve a constant strain rate
loading while testing rock materials by SHPB. Later, they presented an analytical model and data that showed
that a wide variety of incident pulses could be produced by varying the geometry of the copper disks and the
length and striking velocity of the striker bar [20]. Similar techniques were widely used in the investigations
of brittle materials and the small strain measurement [6,11,21,22]. Besides, for the materials whose strengths
and failure models are highly rate-dependent, it is more important to achieve a constant strain rate loading for
the high-accuracy experiments. The validity of the measurement results was also examined in detail for the
obtained stress—strain curves [23,24].

Concerning the indentation effect, it is much pronounced while testing a hard and small diameter specimen
[5]. When the stiffness of the specimen is higher than that of the bars of SHPB, severe indentation occurs at
both end faces of the bars. It cannot only affect the propagation of the one-dimensional stress wave in SHPB
tests but induce the strain concentration on both ends of the specimen as well. The concentration can easily
induce the local failure of brittle ceramics too, which could even lead to the fracture of the whole specimen.
So, it brings much trouble in the measurement accuracy.

This paper focuses on the accurate dynamical measurement of high strength/elastic modulus ceramics using
SHPB. Firstly, the influence of the stress inequilibrium is quantitatively evaluated using the methodology of
reconstructing the initial loading process of the stress wave. Then, the incident wave is optimized and the
theoretical solution is obtained. The case investigations demonstrate the merits of the optimized loading wave:
achieving the stress equilibrium deformation and the loading of the constant strain rate sooner. Finally, the
indentation influence is investigated numerically to analyze the potential problems. The influence is elaborately
analyzed, and a methodology is proposed for the accurate measurement of the related materials.

2 Influence of the stress inequilibrium

The split Hopkinson bar apparatus is widely used to measure the dynamic mechanical behavior of materials
under high strain rates [11-16] since its evolution [4]. The schematic map is shown in Fig. 1.

The strain rate, strain, and stress of the specimen are calculated based on the strain wave signals from the
strain gauges cemented on the incident and transmitted bars by using Eq. (1) [9]:

éengi. = CZI_>]3(<9i — & — &),

Eengi. = % /(;f (&; — & — gp)dt, (1)

EgA
Oengi. = ZBTSB(Si +&r + €0,

where A, E, and cp are the cross-sectional area, elastic modulus, and wave speed of the bar, respectively. The
propagation velocity of stress wave can be calculated by cg = +/E/p, where p is the mass density of the
bar material. [y and Ay are the length and cross-sectional area of the specimen. ¢;, &, and &; are the incident
strain wave, the reflected strain wave, and the transmitted strain wave, respectively. With the assumption of a

Striker bar Incident bar Transmitted bar
| 0 = || m
Pulse shaper Strain gauge Specimen Strain gauge

Fig. 1 Schematic diagram of split Hopkinson pressure bar apparatus
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constant volume of the specimen while deforming, the true strain ey and true stress oy are obtained as a
function of engineering strain gengj. and engineering stress oengi. according to Eq. (2) [6].

euue = — In(1 — €engi.), )
Otrue = Gengi.(l - Sengi.)~

2.1 Reconstruction of stress wave loading

The mechanical impedance of the Hopkinson bar or the specimen is defined by pcA, where p, ¢, and A are
the density, wave speed, and sectional area of the bar material, respectively. The characteristic time of the
specimen is defined as T = [;/cg, which is the time needed for the stress wave to propagate through the
specimen. Figure 2 elaborately shows the reflection and transmission of stress waves at the incident/specimen
and the specimen/transmitted bar interfaces. The amounts of the reflected and transmitted waves at the interfaces
depend on the mechanical impedance ratio of the bars and the specimen. Based on the one-dimensional stress
wave theory, the reflected coefficients F', and transmitted coefficients 7" are given as follows [25,26]:

_ 2a . _
Tgs = 147 FBs = 14>
-1

2n

3)
Tsg = 777 FsB = 77>

where Tgs is the transmitted coefficient of the stress wave from bar to specimen, and this labeling strategy
is also applied to the other coefficients accordingly. n is the mechanical impedance ratio of the bar to the
specimen defined by (pcA)p/(pcA)s, and @« = Ap/As. In the analysis, we focus on the mechanical behavior
of a high-strength ceramic specimen, whose failure strain is lower than 1%. Hence, it is reasonable that the
characteristic time of the specimen v = [;/c; is assumed to be constant during loading. The reflected stress
wave oy, the transmitted stress wave oj, the stress at the interface of incident bar/specimen oy/s, and the stress
at the interface of transmitted bar/specimen o5 are deduced as follows:

or = 0i (1) - Fgs + 3, Oinc. (1 = 2k7) - Tps - Foi ' - Tsg,
o1s = i + 0 = 0; (1) + 0i (1) - Fs + | Oine. (t — 2k7) - Tps - Fok ™' - Tsp, (4)
ors =0y =0i(t —1)-Tps - Tsp + > 0i (t — (2k + 1)7) - Tps - F2 - Tsp,

t
/
2t
/
Incident wave /

Incident bar RN Transmitted bar

Fig. 2 Reflection and transmission of waves at interfaces of the specimen and bars
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Fig. 3 Loading linear stress waves for different cases

where k is the number of reverberations of the stress wave between the specimen/bars interfaces. The parameter
R(t) is used to evaluate the level of the stress inequilibrium in the specimen and is defined as [7]:

R() = (o1/s — o1/s)

- x 100% (5)
(o1/s + o1/5)/2

The specimen is considered to be in stress equilibrium when R(t) is smaller than 5% [7]. The actual loading
history in the sandwiched specimen is thus reproduced, and the stress—strain relations are reconstructed to
analyze the influence of the stress inequilibrium on the stress—strain curve.

2.2 Influence analysis

In actual experimenting, the initial loads on the specimen are linear due to a wave propagating characteristics,
namely the load is linearly increasing with time increasing loading, no matter with the trapezoidal wave and
others [5-7,9,11-14]. Thus, the linear stress waves are selected to conduct the calculation and analysis as
shown in Fig. 3 for different cases. The loading slopes are different, aiming to achieve the maximum strain
up to around 0.5% within a characteristic time 87. The numerical calculations are done on different high-
strength ceramic materials. The dimensions and mechanical parameters of the split Hopkinson pressure bars
and specimens are listed in Table 1, where the steel bar is adopted, and the case of the steel specimen is also
analyzed for reference. The thickness of all specimens is 7 mm. For the high-strength ceramic with a linear
elastic behavior, the elastic modulus is the most fundamental parameter, and thus, the reconstructed elastic
modulus under the loading of the stress waves is selected to evaluate the influence of the stress inequilibrium.

Figure 4 shows the stress inequilibrium ratio with increasing characteristic time. It is obvious from Fig. 4
that it is inevitable for the specimen to experience severe stress inequilibrium deformation during the initial
period of 2t. The stress inequilibrium ratio R(¢) reduces down to below 20% at 2t. From then, R(¢) fluctuates
to decrease to 5% after 67. The enlarged inset of Fig. 4 shows clearly the difference of the different mechanical
impedance from n = 4.59 to n = 6.71. The stress inequilibrium ratio decreases a little with increasing
impedance.

Table 1 Dimensions and mechanical parameters of the Hopkinson bars and the specimen

Diameter (mm) Elastic modulus (GPa) Density (kg/m®) Wave speed (m/s) Impedance ratio

Incident/transmitted bar 15 210 7830 5179 1

Specimen E210 7 210 7830 5179 4.59
Specimen E350 7 350 2200 12,613 6.71
Specimen E500 7 500 2200 15,076 5.61
Specimen E600 7 600 2200 16,514 5.12
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Fig. 4 Stress inequilibrium ratio of specimen under linear ramp loading wave
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Fig. 5 Calculated stress—strain curves within characteristic time 8t

Under a load of this linear stress wave, the loading process is reconstructed based on Egs. (3) and (4); then,
the reflected stress wave and transmitted stress wave are obtained. Those are substituted into Eq. (1) along
with the linear incident stress wave, and then the specimen stresses and strains within 87 are obtained. In the
calculation process, the slope of the linear stress wave is adjusted to achieve the maximum strain about 0.5%
at 8. The stress—strain curves for n = 6.71 and 4.59 are displayed in Fig. 5.

The specimen stress—strain curves are linearly fitted to obtain the elastic modulus at each characteristic
time, respectively. Error analysis of the elastic modulus is then conducted. The error coefficient is defined by

E; —F
¢ — —input 7 Hfited 100%, (6)
Einput

where Efieq is the fitted slope of the calculated stress—strain curves and Ejnpye is the input value of the elastic
modulus listed in Table 1. Two error curves for the cases n = 4.59 and 6.71 are plotted in Fig. 6. The errors
are sharing the same trend: with the loading time increasing, the errors are decreasing from 4% at around 27 to
lower than 1% at 4t. Even though the ratio at 27 is about 15%, the corresponding error is lower than 5%. Thus,
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it is concluded that, for the investigated cases, the stress inequilibrium has a small influence on the accurate
determination of elastic modulus. Namely, even though the specimen has not achieved the stress equilibrium
deformation (the ratio < 5%), the stress—strain curve is still obtained accurately.

3 Bilinear incident waves

For the case of specimen E350 (in Table 1) under a linear ramp loading, the reconstructed stress—strain curve
and corresponding strain rate are obtained and plotted in Fig. 7. It is clear that the strain rate is not constantly
increasing from 0 to 1643 s~! at strain 0.35%. Under this condition, it is hard to determine how much the
loading strain rate is during the specimen’s deformation. For materials with mechanical properties sensitive
to strain rate, it is necessary to conduct a constant strain rate loading on them for an accurate measurement.
Besides, the inconstant strain rate induces severe inertial effect which acts a negative role in the accuracy of
the stress—strain curves [4,15-18]. Another problem is how to achieve stress equilibrium loading sooner. As
shown in Fig. 6, it is indicated that for one experiment, achieving the stress equilibrium in the specimen much
sooner can generate a lower error in determining the elastic modulus. So, it is of great importance to optimize
the incident wave to achieve stress equilibrium and the desired constant strain rate loading quicker.

3.1 Optimizing incident wave
In order to achieve stress equilibrium and constant strain rate deformation in the specimen sooner, we propose
the following requirements for the optimized incident wave. The first formula aims for achieving the stress

equilibrium on the specimen, and the second formula aims for the constant strain rate loading on the specimen:

R(r) = A2=o18) — 05

(oys+orys)/2 — 777
E() = P Gilt) = &(1) — &) =0, )
t € |21, 61].

As demonstrated in Fig. 4 and Ref. [7], the stress inequilibrium ratio is increasing again after 2t. It is linked
with the continuous loading of this linear stress wave since then. Thus, it would be valid to optimize the slope
since this time, aiming for the continuous decrement of the stress inequilibrium. It is found in Fig. 7 that even
though the loading strain rate is increasing, the increment is smaller and smaller. Thus, to adjust the slope of
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Fig. 7 Reconstructed stress—strain curve and corresponding strain rate under linear loading wave

the loading stress wave could help to achieve a constant strain rate, to meet the second formula of Eqs. (7).
In actual experiments, the traditional loading stress waves are usually trapezoidal or triangular profiles, which
can be formulated by a series of linear stress waves. Therefore, the slope of the loading stress wave after
2t is optimized to meet the requirements of Eq. (7). Then, an optimized solution is obtained with a bilinear
configuration as Eq. (8), for materials with a linear elastic behavior:

kit t <21,
ine. {2t-k1+k2-t 1> 21, ®

. £q-ly-EB . ﬁ A . . . . . .
where k1 = T5 O=2Fus —Fos Tos) and ky = 7 - &4 - Es in which &4 is the desired constant strain rate.

3.2 Cases for some ceramics loading

With the guidance of Eq. (8), the specimen E350 in Table 1 is selected as a case to display the merits of the
bilinear wave. In the following analysis, the ceramic specimen with elastic modulus 350 GPa is analyzed under
three strain rate loadings, respectively. Figure 8 shows the optimized incident stress waves. It is indicated from
the configurations that the slopes of the incident wave change at 27. With the increase in the desired strain
rate, both slopes of each loading wave increase too. Under these stress waves loadings, the stress inequilibrium
ratios of specimen E350 are obtained and shown in Fig. 9. It is found that the three ratio curves are coincident.
After 27, the ratios continuously drop to 5% at about 4t (shown in the inset of Fig. 9). The corresponding strain
rates under the three bilinear waves are plotted in Fig. 10. The strain rate increases from 0 to the desired strain
rates at 27, after that the specimen comes into the constant strain rate deformation. The accumulated strain
within 27 increases with the increase in the desired strain rate. When the loading strain rate is high enough, the
deformation of the specimen just achieves the failure strain at 27. Then, this strain rate should be called limiting
strain rate. But this limiting strain rate is much higher than that of Ref. [7]. This is because Ravichandran et
al. evaluated the experimental validity only with the stress inequilibrium ratio 5% and demonstrated that the
stress—strain curve was valid after 67. So, the limiting strain rate in this work should be higher than that of
Ravichandran et al. by around three times. Based on the above analysis of the stress inequilibrium (as shown
in Fig. 6), the stress—strain curves are still obtained with enough accuracy at the initial loading of 2.

3.3 Experiments on a brittle material

In the verification experimenting, the ceramic SiC is originally selected. However, the indentation effect is
severe of the SiC specimen to the bar ends and causes more troubles in displaying the merits of the bilinear
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Fig. 9 Stress inequilibrium ratios under the loading of bilinear waves

loading wave. So, the experiment is conducted on a brittle CFRP composite, to verify the experimental fea-
sibility of the proposed bilinear incident wave. The dimensions and mechanical parameters of the Hopkinson
bars and CFRP specimen are listed in Table 2.

The pulse shaper technique is employed to trim the incident wave [11,12,19]. The pulse shaper used here
is superimposed by an annealed copper pad and a paper scrap to obtain the bilinear loading curve. After
adjusting the dimensions of the copper and paper sheets to be ® 3 mmx and 1 mm and ® 2 mm x 0.2 mm, and
the impacting velocity of striker bar 14.7 m/s, a bilinear incident wave can be obtained as shown in Fig. 11,
which also includes the reflected and transmitted stress waves. The incident wave has a bilinear configuration
in the initial loading section, with the first loading rate slope S; = 7.95 x 10® MPa/s and the second slope
S, = 3.44 x 10° MPa/s. The duration of the first linear loading part is about 7 s, which is about twice the
normalized time. (7 is about 3.0 ws for this specimen.) The true stress—strain curve is demonstrated in Fig. 12,
including the loading characteristics: the corresponding true strain rate curve and the stress inequilibrium ratio
curve. The peak on the stress—strain curve indicates the composite fracture initiation, which is usually used
as a composite strength. After the peak, stress wave information in Figs. 11 or 12 is inappropriately further
analyzed for the mechanical characteristics due to the unknown fracture process.
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Table 2 Dimensions and mechanical parameters of the Hopkinson bars and CFRP specimen

Diameter (mm) Length (mm) Elastic modulus (GPa) Density (kg/m3) Wave speed (m/s)

Striker bar 15 300 210 7830 5179
Incident bar 15 1500 210 7830 5179
Transmitted bar 15 1500 210 7830 5179
Specimen 11 11 203+1.2 1693 NA

The wave speed of the bar is calculated based on the Hopkinson pressure bar verification tests. In the test, two couples of strain
gauges are cemented on the bar with the distance Al. Then, while the stress wave propagates along the bar, the interval At is
calculated based on the recorded stress waves from the strain gauges. So the wave speed of bar can be obtained. But for the used
CFRP specimen, this method does not work due to the dimension limit of the CFRP materials and labeled as NA in this table.
The elastic modulus of CFRP is obtained under the loading of strain rate 0.001 s~!, which is listed here for possible reference

300 . T - T . . . .
Incident wave
200 [ / .
1| Transmitted wave H
—_ | H
g 100p N ;
s |/ =.
i H
S \ N
[]
[%]
o
& -100 - \ .
Reflected wave }
¥
-200 | 4 i .
0 100 200 300 400 500
Time (us)

Fig. 11 Bilinear wave loading on CFRP specimen using SHPB
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4 Indentation influence

Severe indentation occurs at the bar end faces while loading the high-strength specimen. This can not only
affect the propagating of one-dimensional stress wave but induce uniform strain distribution on the specimen.
Thus, it will affect the experimental results negatively. It is well known that the indentation effect is more
pronounced when testing a harder and smaller. diameter specimen [5]. To examine the indentation effect,
numerical simulations are conducted to establish the SHPB model by using Abaqus Explicit 6.12 software. In
the CAE model, linear elastic mechanical behaviors are assigned to the bars and specimens listed in Table 1.
The length of the incident and transmitted bars is 1500 mm. In element controls, hex element shape, sweep
technique, and medial axis algorithm are selected. And the intervals and timing in editing field output request are
set to be 1200, output at exact times, respectively. Each bar is meshed into at least 80,000 elements, with the type
of C3D8R (an 8-node linear brick, reduced integration, hourglass control). Specimens are meshed with at least
600 elements with C3D8R type. The ramp incident wave is applied at the impacting end of the incident bar, with
arising time 65 pus. The normal stresses in the axial direction are output from the middle of the bars for analysis.

The incident wave (as shown in Fig. 13) is applied to the impacting end of the incident bar. The stress S33 in
the loading direction is output from the bars or specimen for analysis. Mesh sensitivity analyses are conducted
by comparing the results of mesh dimension 1.5 mm and the refined mesh dimension 1 mm. The calculated
elastic moduli show less than 0.8% difference after interpreting the simulated data. So, the simulation results
with the mesh dimension 1.5 mm are reliable and stable. In the following simulations, the mesh dimensions
are controlled to be this size.

4.1 Strain distribution due to indentation

The specimen with the elastic modulus 350 GPa loaded by SHPB is simulated. The specimen details are shown
in the row of Specimen E350 in Table 1. When the specimen is loaded by the stress wave for 60 s, the stress
wave has reverberated across the specimen much more than three times, and the stress equilibrium state is
assumed to be achieved [7]. So, the results are outputted at this time for further analysis like in Figs. 14, 15,
and 16. Figure 14a, shows the sandwiched specimen and the schematic of the normalized distance. When the
loading duration is 60 s, which is much over 87, the stress or strain equilibrium of specimen has already
been achieved in the specimen in theoretical view as indicated in Fig. 4. But severe deformation occurs on
both ends of the specimen. Then, the strain distributions along the loading direction are obtained and shown
in Fig. 14b where the strain is normalized by the middle strain of the specimen. It is clearly seen that the strain
distribution is not uniform, especially at both ends. The over-strain at both ends is more than the mid strain by
30%. Thus, for the brittle ceramic, both ends come to failure first. Then, the failure at both ends will initiate
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Fig. 15 Strain contour of dogbone specimen loaded by SHPB

the fracture of the whole brittle ceramics. In the experimental view, this deformation/failure process should
be avoided, for the experimented failure strength is lower than their true strength. This also accounts for the
fact that the failure occurred at both ends in Refs. [10,11]. In simulating, the ceramic specimen is assumed to
behave elastically. Additionally, the simulating results indicate that the maximum strain arrived 0.5% at 8.
The specimen does not fracture if the failure strain is assumed to be 1% as indicated by Ref. [7].

The strain concentration due to the indentation must affect the propagation of the one-dimensional stress
wave at the bar ends and also violates the assumption that the Hopkinson bar end in contact with the specimen
remains flat and parallel throughout the experiment [7]. This can not only influence the measurement accuracy
of the specimen strength but also affect the strain of specimen obtained from Eq. (1). So, the specific design of
specimen configuration should be well considered to ensure a uniform strain distribution in the gauge length.
The friction effect is small [27], especially on the deformation of the curves, and not considered in the sim-
ulation. Furthermore, in actual experimenting, the friction effect can be reduced to be negligible by adding
lubricating oil between the bar ends and the specimen ends.

4.2 Specimen with a dogbone configuration

The specimen with dogbone configuration is introduced and simulated, and the sandwiched section is shown in
Fig. 15. The gauge section dimension of the specimen is also ®7 mm x 7 mm, as shown in the dotted line. The
bilinear incident wave is also adapted to load the specimen, with the reflected and transmitted wave together
as shown in Fig. 13, too. The reflected wave presents a plateau, which means the strain rate of the specimen
was constant [4,21]. The strain distribution is also calculated and shown in the bottom of Fig. 16, which is
normalized by the middle strain value too. It is clear to find that the strain distribution is rather uniform,
and the over-strain at both ends is only 7%. The stress history of specimen ends is calculated based on the
simulated incident stress wave, reflected stress wave and transmitted stress wave, and shown in Fig. 17a. It
is evident that both stress are well consistent within the loading process. The dogbone specimen presents an
abnormal shape, and it must bring some troubles in analyzing the details of stress wave propagating across
the abnormal specimen. Thus, the error must exist if the formula of Eq. (1) is still adapted to calculate the
stress—strain curves. The results are also calculated as shown in Fig. 17b to demonstrate the error, where the
fitted elastic modulus is 137.51 Gpa, which is far lower than the input 350 Gpa. As a reference, the stress and
strain of the middle element of the specimen are output and shown in Fig. 17c. The fitted elastic modulus is
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Fig. 16 Strain distributions of dogbone specimen and the error curves in calculating elastic modulus
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Fig. 17 Stress histories of the specimen and calculated stress—strain curves

approaching to 350 Gpa. Furthermore, it is clearly seen that the calculated strains from Fig. 17b, c are different.
The formula result is up to 1.3%, far larger than 0.5% of the middle strain. The deformation of the transition
section contributes a lot to the error. So, a methodology is proposed: the strain is obtained from the simulated
specimen strain, and the stress is calculated from the transmitted stress. Then, the elastic moduli are fitted,
respectively, and plotted in the top of Fig. 16. It is clear that the errors are low enough (lower than 4%). Thus,
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the methodology is valid to obtain an accurate interpretation of the data and could be achieved experimentally
by cementing the strain gauge to the middle gauge section of the specimen (Fig. 15).

5 Conclusion remarks

To accurately measure the dynamical mechanical properties of ceramics has always been a the hard nut to
crack, due to its high strength and critical brittlement. In this paper, theoretical calculations and numerical
simulations are adopted to solve the related problems.

Theoretical analysis is employed to reconstruct the initial loading process. The results indicate that the
stress inequilibrium ratio R(¢) < 5% is a conservative standard to evaluate the validity of experimental results.
After the loading duration over 27, the experimental results are valid with the error lower than 5% in view of
the reconstructed elastic modulus, even though the stress inequilibrium ratios are still over 15%. Therefore, for
the investigated cases of ceramics, the stress inequilibrium has a small influence on the accuracy level of the
stress—strain curves. Furthermore, it is also concluded that the accumulated strain within 27 should be lower
than the failure strain of the brittle ceramics specimen, or the accuracy of the stress—strain curve would drop.
Therefore, there exists a limiting strain rate for brittle materials. But the limiting strain rate is higher by about
three times than that of Ref. [7].

In optimizing the incident wave, the bilinear loading wave is proposed which has two merits: the stress
inequilibrium ratio drops continuously to 5% at 4t; the loading strain rate comes into the desired constant
range after 27. The actual experiment also demonstrates the feasibility of this bilinear incident wave.

Ceramics produce a severe indentation on the bar ends, which adversely affects the uniform strain distribu-
tion of the specimen. Numerical simulations demonstrate that the strain concentration occurs at both ends of the
specimen, which could easily result in the failure occurring here. The specimen with a dogbone configuration
is introduced, and it is found that the strain distribution is rather uniform. It could greatly reduce the strain
concentration and facilitate the accurate measurement of strain. The stress—strain curves based on the strain
from the specimen and stress from the transmitted stress could give an accurate measurement, with the errors
lower than 4% in view of the reconstructed elastic modulus.
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