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Abstract
Polylactic acid (PLA) is commonly used as a feedstock material for commercial 3D printing. As components manufactured 
from such material become more commonplace, it is inevitable that some of the resultant systems will be exposed to high 
strain-rate/impact events during their design-life (for example, components being dropped or even involved in a high-speed 
crash). To this end, understanding the shock properties of polylactic acid, in its role as a major raw material for 3D printed 
components, is of particular importance. In this work, printed samples of PLA were deformed by one-dimensional shock 
waves generated via the plate impact technique, allowing determination of both the Hugoniot Equation of State (EOS) and 
shear strength of the material. Both linear and non-linear EOS forms were considered in the US-Up plane, with the best-fit 
found to take the general form US = 1.28 + 3.06 − 1.09U2

p
 in the Us−Up plane, consistent with other polymers. Use of lateral 

Manganin gauges embedded in the material flow allowed consideration of lateral stress evolution at impact pressures rang-
ing from 0.3 to 4.0 GPa. Shear strength was observed to increase with impact stress, however, with minimal strengthening 
behind the shock front. Deviation of the measured stress from the predicted elastic measurement (corresponding to the PLA’s 
Hugoniot Elastic Limit) was observed at longitudinal stress of 0.90 ± 0.05 GPa, within range of polymeric materials of similar 
characteristics—the first time this important parameter has been measured for PLA. As a result, this material characterisation 
will allow numerical modellers to accurately predict the structural response of PLA-based components/structures against 
high strain rates such as impacts or drops.
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Introduction

Polylactic acid is one of the major raw materials used in a 
filament deposition modelling (FDM) desktop 3D printer. 
The application of PLA has metamorphosed from the pro-
duction of simple prototypes to manufacturing of finished/
end-use products such as medical implants in the form of 
screws, plates and anchors [1], subject to a range of loading 
conditions. It is therefore important to understand the shock 
response of printed PLA. More importantly, understanding 
of the material’s hydrodynamic and constitutive equations 
of state will enable the development of mathematical models 
for numerical simulations [2]. Although there are a number 
of studies on the response of printed PLA, [3–5] within the 

quasi-static loading regime, there is—to the author’s knowl-
edge—no existing study focused on the dynamic response of 
PLA under high strain rate conditions. However, usefully/
as a potential point of comparison, a number of studies have 
already been conducted on the shock response of similar 
polymeric materials such as polyethylene (PE) [6], Polym-
ethylmethacrylate (PMMA) [7], polyvinylchloride (PVC) [6] 
and polytetrafluoroethylene (PTFE) [6].

One of the earlier investigation conducted by Carter and 
Marsh [8] at the Los Alamos National Laboratory investi-
gated the shock behaviour of over 20 polymers, showing cer-
tain similarities in the dynamic response of such materials. 
It was observed that at high pressure (20–30 GPa), there is 
a change in the slope of the shock velocity, (Us) and particle 
velocity, (Up), curve suggesting a phase transformation. This 
was attributed to the re-ordering of the polymer structure 
due to the nature of the compression at sufficiently high pres-
sure [8]. More or less, a rearrangement of the chains at the 
molecular level resulting in a large volume change at high 
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pressure was postulated. Another observable trend was the 
inability of the experimentally measured data in the Us−Up 
plane to extrapolate to the zero-pressure ultrasonic sound 
speed measurement [8]. In contrast with metals, the bulk 
sound speed, CB is usually below the y-intercept, giving pol-
ymers a non-linear Hugoniot. For example, Millet et al. [6] 
investigated the shock response of 4 common semi-crystal-
line thermoplastic polymers: PE,PTFE, PVC and PCTFE [6] 
and observed that all four polymers had a linear response in 
the Us and Up, curve in common with other polymeric mate-
rials, represented in the form described in Eq. 1. However, 
when interpolated from the measured bulk sound speed on 
the y-intercept, a non-linear equation presented in the form 
described in Eq. 2 was obtained.

The values of the c0 and S in the Hugoniot equations are 
empirical constants, correlated to the bulk sound speed cB 
and the first pressure derivative of the bulk modulus respec-
tively [9].

This trend has been reported in a number of studies 
and has been attributed to variation between the forces in 
the C–C backbone (of higher magnitude) and the forces 
between the adjacent chains in the polymer altering the 
deformation pattern along the chains and backbone [8]. As 
such, in contrast with metals, the chemistry of polymer is 
key to understanding its dynamic response. Essentially, the 
carbon backbone in polymers (chain) forms a strong bond 
with itself compared with bonds between adjacent polymer 
chains [8]. Hence, as the shock propagates, smaller/weaker 
forces in the adjacent chain collapse even more rapidly than 
the forces in the C–C backbone. Usefully, the interaction 
between functional groups and or atoms (steric effect) plays 
a significant role in polymer response as well as the geomet-
ric arrangement (Tacticity) of these groups. As an exam-
ple, greater physical interaction between adjacent polymer 
chains is required in PE molecule due to its relatively open 
nature. Similarly, the addition of a single chlorine atom in 
PVC to the basic polyethylene monomer reduces the stress 
required for the atoms to slide past each other during shock 
loading. This is because of the sheathing effect of the large 
chlorine atoms (compared to hydrogen) upon the polymer 
chain, resulting in an over-all smoother shape that allows 
easier passage of the polymer chains [6]. However, the pres-
ence of chlorine (in PVC) and fluorine atoms (in PCTFE) 
also increases the influence of electrostatic repulsion arising 
from increased electronegativity. Following on from this, 
it is likely that the presence of an oxygen atom in the side 
group chain of the PLA, presented in Fig. 1, would influence 
the shock response of PLA. As the slightly positive sections 

(1)Us = c0 + Sup,

(2)Us = c0 + SUp + RU2

p
.

(carbon and hydrogen) are attracted to the negative sections 
of the chains, the stress required to break the bond increases 
with a consequent effect on the polymer strength.

Further, as the polymer is compressed and the chains 
move closer together, physical interaction between the 
molecules (tangling or steric effect) due to the shape of 
the polymer increases the stress required to move the mol-
ecules together. Though reported particularly for polymers 
with open chain morphology such as PE [6] with dangling 
side groups, the addition of an electronegative atom to the 
chains increase the susceptibility for entanglement. Such an 
interplay between electronegative repulsion and tangling 
determines the polymer strength under dynamic (shock) 
loading. While the degree at which these factors influence 
polymer strength is yet to be fully established, it has been 
suggested that repulsive forces are more dominant in the 
fluorinated polymer such as PTFE and PCTFE, in contrast 
with hydrocarbon polymers controlled majorly by tangling. 
Interestingly, PLA has an open chain morphology similar 
to PE and the presence of a CH3 side chain group should 
allow a greater degree of interaction (steric effect) between 
the adjacent polymer chains. In the same vein, the pres-
ence an electronegative atom (oxygen), while even not as 
strongly electronegative as the chlorine and fluorine atoms 
in PVC and PCTFE, means it is likely that the interaction 
of both factors could increase the strength of PLA. In this 
work, the dynamic shock behaviour of a 3D printed PLA was 
investigated using manganin stress gauges. These gauges, 
of thickness, ca. 25 μm and embedded in the material flow, 
measure the longitudinal and lateral stresses induced in the 
samples. The data obtained were reduced to determine the 
Hugoniot Equations of state of the material and the shear 
strength—key data to allow for subsequent high strain-rate/
pressure simulations.

Material Production

The PLA filament, of diameter 2.85 mm, used in this study 
was obtained commercially and supplied in an airtight bag 
to prevent degradation from atmospheric humidity [10]. 
A 50 mm diameter, 10 mm thick disc was designed on 

Fig. 1   Representative monomer structure of Polylactic acid



379Journal of Dynamic Behavior of Materials (2019) 5:377–386	

1 3

Computer-aided Design (CAD) software and imported as 
an STL file into an Ultimaker 3D printer with a 0.4 mm 
print core for printing via the Filament Deposition Mod-
elling (FDM) desktop 3D printer (Ultimaker 3 extended). 
The 3D printing technique creates parts by heating filaments 
above its glass transition temperature before laying succes-
sive layers on the print bed based on input print parameters. 
Although, there are no standard parameter values for desired 
printing quality in the literature, the effect of certain param-
eters has been reported. As an example, Sood et al. [11] 
investigated the effect of printing parameters such as orien-
tation, layer thickness, and air gaps on the quality of printed 
parts by studying their flexural, tensile, and impact strength. 
Schopper et al. [12] investigated the effect of build direc-
tion on the compression properties of FDM built parts and 
observed higher compressive modulus and yield strength 
of built parts in the horizontal direction in comparison to 
the specimens built in the vertical direction [13]. In turn, 
Caneiro et al. [5] investigated the effect of the layer thick-
ness by comparing samples produced with layer thicknesses 
of 0.20 and 0.35 mm and results have shown higher tensile 
stress with an increasing layer thickness which was attrib-
uted to the lower number of interfaces between filaments. In 
the same work, the degree of infill (a printer setting which 
controls the density of the built parts) was reported to have 
a strong impact on the mechanical performance of printed 
samples. A difference in both modulus and tensile strength 
of more than 250% was reported when the infill density var-
ied from 20 to 100% [5]. As such, for the investigations here/
to ensure an optimum print, a 100% infill density was used 
with a print speed of 70 mm/s employed. The target samples 
were finished with an impervious top and bottom layer to 
prevent percolation of epoxy used in the target preparation. 
Other print parameters are summarised in Table 1. A total of 

eight samples were fabricated from a roll of 2.85 mm PLA 
from Spool Work. The samples were printed vertically with 
the layers oriented perpendicular to the shock direction. All 
test specimens were printed under identical conditions to 
maintain consistency in all samples.

In order to evaluate the consistency of the print qual-
ity, weight and diameter of each sample were obtained. The 
weight was found to be consistent with a tolerance of ± 0.2 g 
while the average density was 1.14 ± 0.02 g/cc, slightly 
lower than the nominal bulk PLA density of 1.24 g/cc. This 
could be attributed to the presence of voids [3] which are a 
function of the input parameters during the printing process. 
The diameter was consistent with a tolerance of ± 0.01 mm.

Experimental Method

One of the methods commonly used to produce a shock 
wave in materials is the plate-impact technique. The plate-
impact technique involves accelerating a flat and paral-
lel plate into a similar target (surfaces were polished to 
a tolerance of < 10 μm) [14–16] using a single stage gas 
gun. Simultaneous impact of all elements of the flyer and 
target impact surfaces leads to inertial confinement over 
very short (micro-second) timescales and the establish-
ment of a one-dimensional state-of-strain within the mate-
rials. The gas gun employed for these experiments has 
a 50-mm bore, with a 5-m barrel and is situated at the 
Defence Academy of the UK, Shrivenham. A schematic 
of the gun set-up is presented in Fig. 2. Well characterised 
materials such as Copper alloy (C101) and Aluminium 
(1050A) flyers, whose equations of state are known were 
employed to impact PLA targets at impact velocities in 

Table 1   Print parameters for the production of 10 mm thick PLA on 
Ultimaker FDM printer

Parameter Value

Layer height 0.1 mm
Line width 0.35 mm
Wall thickness 0.5 mm
Z Seam alignment Random
Top/bottom pattern Concentric
Top/bottom thickness 1 mm
Infill 100%
Print speed 70 mm/s
infill speed 40 mm/s
Wall speed 30 mm/s
Travel speed 250 mm/s
Printing temp 200 °C
Build plate temperature 60 °C Fig. 2   Schematic representation of the mounting configuration of lon-

gitudinal target arrangement in a plate impact experiment
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the range 300–1000 m/s. The projectile impact velocity 
was recorded via a series of light gates at known sepa-
ration immediately prior to impact. Further, target rings 
were employed to support the target and ensure alignment 
experimentally with respect to the flyer, on a sacrificial 
barrel extension to ensure good flyer–target alignment.

Manganin longitudinal stress gauge (Vishay Micro-
Measurement of Type LM-SS-125CH-048) of 48.0 ± 1.0% 
grid resistance in Ohms resistance were used to determine 
the stresses in the material. The gauges were placed at 
the front and rear of the target separated by a 50 micron 
Mylar (25 microns on each side) as illustrated in Fig. 2 to 
protect and insulate the gauges. 10 mm thick PMMA was 
used at the rear gauge to trap reflection of the shock wave. 
All the components were held neatly together with a slow 
curing Locite 0151 HYSOL epoxy-patch adhesive. 1 mm 
thick aluminium and copper cover plates (depending on 
the impactor material) were employed at the target surface 
to protect the gauge from being damaged by the impactor.

The shear strength of the material was also measured 
by obtaining the lateral component of the stress (σy), from 
which the shear strength behind the shock front is calcu-
lated from the relationship in Eq. 3,

Embedded lateral Manganin gauges (Vishay Micro-
Measurement of Type J2M-SS-580SF-025) were intro-
duced into sectioned samples, 4  mm from the impact 
surface as shown in Figs. 3 and 4. This depth was cho-
sen to allow sufficient time for the shock to equilibrate/to 
resolve the elastic precursor (if any) before shock arrival. 
The samples were held firmly with a Locite 24-h epoxy in 
a special jig for a minimum of 12 h. In some experiments, 
longitudinal and lateral gauges were combined at impact 
velocities between 200 and 900 m/s to obtain additional 
Us−Up data point on the Hugoniot. Errors were minimised 
by ensuring proper gauge alignment in the sectioned lat-
eral halves of the target [17]. 

(3)2� = �x − �y.

The densities of the printed PLA samples were measured 
using an XS 105 dual range excellence machine from Mettler 
Toledo. A density reduction relative to the initial material 
density (1.24 g/cc) was observed in all samples as a result 
of the pores generated between layers during the printing 
process. In addition, shear (CS) and longitudinal (CL) sound 
velocities were measured ultrasonically using 1 MHZ quartz 
transducers with a Panemetrics 5077PR pulse receiver in the 
pulse-echo configuration. Employing the isotropic relation 
for wave speed in Eq. 4 [18], the bulk sound cB was obtained. 
Key elastic material properties of the printed PLA are sum-
marised in Table 2.

The FDM 3D printing technique has been shown to 
exhibit anisotropic behaviour dependant on print orienta-
tion [19]. As such, the wave speeds were measured perpen-
dicular to the print direction and at different points on the 
surface to check that the resultant wave speed is consistent. 
The measured longitudinal sound speed for the printed PLA 
sample was 1860 m/s—corresponding to a bulk sound speed 
of 1250 m/s (Table 2). This appears to be below the result 
obtained by Parker et al. [20] who employed the pulse-echo 
technique to determine the bulk sound speed and the acous-
tic impedance of PLA to be around 2260 m/s. Variations 
between the measured sound speed measurements is conse-
quently tentatively attributed to the presence of voids arising 
from the 3D printing manufacturing technique employed—
e.g. FDM when compared with a cast PLA. Even though the 

(4)CB =

√

C2

L
−

4

3
C2

S
.

Fig. 3   Schematic representation of target configuration in plate 
impact experiment showing expanded view

Fig. 4   Schematic representation of target configurations with longitu-
dinal and lateral gauge positions

Table 2   Relevant elastic material property for printed PLA measured 
perpendicular to the printing direction

�0 g/cm3 C
L
 (mm/μs) Cs (mm/μs) CB (mm/μs)

1.14 1.86 ± 0.02 1.19 1.25
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pores are microscopic, small void contents can influence the 
sound speed in a mixture as the rate at which sound travels 
is lowered due to the need for waves to travel around the 
pores [21].

Results and Discussion

A total of 6 experimental shots were undertaken at impact 
velocities between 200 and 1000 m/s using 5 and 10 mm 
thick aluminium and copper flyers against ~ 10 mm thick 
printed PLA targets. Figure 5 shows representative shock 
profiles of the printed PLA for 3 selected impact velocities 
ranging from 213–925 m/s corresponding to impact pressure 
between 0.3 and 4.0 GPa. Essentially, as touched on earlier 
by ensuring that all impact faces (target and projectile) are 
parallel and finished to a tolerance of < 10 μm, planar shock 
waves are rapidly established in both the target and impactor 
due to the material being inertially confined on impact. The 
resultant shocks are 1D in nature and are maintained until 
release arrival from free surfaces (interfaces). Key features 
can be interpreted from the shock profile obtained from the 
experiments. An initial pressure rise on shock arrival indi-
cates the establishment of the shock wave into the target. The 
rapid rise in the front gauge indicates a good gauge align-
ment followed by a levelling of the shock front in the form of 
a plateau, the Hugoniot stress. An overshoot in longitudinal 
stress was observed after the initial rise with some ringing 
attributed to electrical effect.

The voltages were converted into stresses following a 
technique developed by Rosenberg et al. [22]. The front 
gauge measured the stress in the PLA while the rear gauge 
recorded that in the PMMA (backing material). To charac-
terise a material mechanical shock response, five key param-
eters are required and these are: shock velocity Us , particle 

velocity Up , density � , pressure P, and internal energy E. By 
employing the principles of conservation of energy, mass 
and momentum, other parameters can also be obtained from 
just two parameters. In this study, the Us and Up values were 
obtained and employed to derive a shock Hugoniot equa-
tion of state for the printed PLA. The shock velocity was 
obtained by calculating the time taken for the shock to travel 
between the front and rear gauge indicated by the rise in 
both gauges divided by the known gauge separation distance, 
with particle velocity determined via the impedance match-
ing technique (requiring knowledge of impactor properties 
and velocity [23] and subsequently converted to volume as-
required. In addition, the embedded gauges provided a direct 
measure of in-material stress. A Typical trace for the front 
and rear gauges of a printed 10 mm PLA with impact veloc-
ity of 714 m/s is presented in Fig. 6.

By employing well-defined flyer materials with an estab-
lished pressure—particle velocity 

(

P − Up

)

 , and known 
impact velocity, the Up is obtained graphically via imped-
ance matching technique described extensively by Meyers in 
Ref. [23]. The Us − Up Hugoniot relationship for the printed 
PLA was measured/calculated with data points obtained 
from shock states derived via experimental plate impact 
experiment. A summary of the experimental conditions and 
key results where Us − Up data were extracted are presented 
in Table 3.

Although the samples were observed to contain some 
degree of porosity, this is quite minimal (< 8%). As such, 
the Mie-Gruneisen EOS relationship for porous materials, 
described in Ref. [23] which predicts volume increases at 
all pressure for a porosity of 50% cannot be employed here. 
Essentially, when the main bulk of the material contains a 
significant fraction of voids, such as solid foam (pg. 64 of 
Ref. [24]) with larger variations in impedance, the nature of 
the response is different. However, for the samples printed 
here, the void observed is in the quite small, much lower 

Fig. 5   Representative wave traces of printed PLA shots at 213, 714 
and 819  m/s (corresponding to impact pressures of 0.30, 1.93 and 
2.88 GPa respectively)

Fig. 6   Typical gauge trace for 10 mm thick copper impacting a 10.12-
mm thick printed PLA at 567 m/s



382	 Journal of Dynamic Behavior of Materials (2019) 5:377–386

1 3

than the width of the pressure gauges employed. Hence, the 
authors consider that the effect of the voids on the resultant 
EOS is negligible. Moving forward, both linear and non-lin-
ear polynomial fits to the experimental data were considered. 
For the linear relationship, best-fit to the experimental data, 
Co and S were found to equal 1.38 and 2.0 respectively, with 
a residual “R2” value of 0.983. However, a 2nd order polyno-
mial fit produced a higher R2 = 0.995 which justified its use 
in Fig. 7. In this case, the polynomial coefficient for the best 
fit were: Co = 1.28 mm/us, S = 3.06 and Q = − 1.09 mm/us 
something highlighted in Table 4. Such non-linear response 
has been reported in the low pressure (below the 20–30 GPa 
transition) regime for polymeric materials such as PMMA 
[25], polyethylene and PVC [26]. However, above the parti-
cle velocity of ca. 0.2 mm/μs, as recorded in this experiment, 
most polymeric materials give a linear response, of the form 
Us = Co + SUp, along with other commercially available 

polymers and specially produced plastics [9]. The empirical 
constants C0 and S in the linear and polymeric best-fit equa-
tions are related to the bulk sound speed (in metals such as 
copper) [27] and the rate of change of compressibility of the 
material with pressure [9], respectively. More striking, and 
in line with other polymeric materials such as PMMA, and 
polycarbonate [8], is the failure of the experimental data to 
extrapolate to the zero-pressure ultrasonic measurement as 
observed in metals. For the non-linear fit considered, the dif-
ference between the ultrasonic sound speed and the experi-
mentally derived C0 is only 0.02 mm/μs. As such, the bulk 
sound speed of the material lies only slightly below the zero 
vertical intercept of the Us − Up plot giving a polynomial 
non-linear response of the form Us = Co + SUp + QU2

p
 [28]. 

This accounts for the narrow variation in R2 value between 
the linear and non-linear fits.

Such non-linear response has been attributed elsewhere 
to the two-dimensional nature of polymer compression 
and to the form of the inter-chain interaction potential [8] 
owing to the substantial difference in magnitude between 
the backbone and inter-chain forces as described earlier. 
Fundamentally, weaker inter-chain forces are overcome dur-
ing the initial stages of compression before the backbone 
covalent bonds, thereby resulting in a two-stage compres-
sion. A non-linear response occurs at low particle veloci-
ties, < 0.2 mm/μs; whereas a more conventional linear Us−Up 
response is established above 0.2 mm/μs as described earlier. 
Comparison (low range data) of the measured Us−Up plot 
with some selected polymers such as PE and PVC in Fig. 8 
revealed similarities in terms of lower bulk sound speed. 
Such changes have been linked to changes in the density and 
modulus due to molecular rearrangement of the chains [27].

As can be seen from Fig. 8, PLA lies at the bottom of the 
plot followed closely by PE with a simple polymer struc-
ture. This response could be attributed to the presence of the 
methyl group on the carbon backbone of the PLA (in Fig. 1) 
making the chain bulkier thus, providing a steric impediment 
to flow. Further, the presence of oxygen atom to the carbon 
chain increases the strength of the carbon-ligand bond and 
decreases Van-der-Waals forces between chains. Above the 
PE response are the highly electronegative polymers PCTFE 

Table 3   Summary of plate impact experimental result

Impact veloc-
ity (m/s)

Flyer thickness 
(mm)/material

Up (mm/μs) Us (mm/μs) Error (+) Error (−) P (GPa) Error (+) Error (−)

213 10/Al 0.18 1.87 0.09 0.05 0.30 0.02 0.02
312 10/Cu 0.30 2.04 0.15 0.13 0.70 0.1 0.69
490 10/Al 0.41 2.37 0.14 0.12 1.45 0.05 0.05
714 10/Al 0.58 2.74 0.24 0.21 1.93 0.14 0.12
819 10/Cu 0.73 2.93 0.21 0.11 2.88 0.11 0.10
925 10/Cu 0.84 3.17 0.22 0.14 3.59 0.13 0.18

Fig. 7   Non-linear Hugoniot response for printed PLA at low shock 
velocity ranges

Table 4   Equations of State considered for PLA Hugoniot

Type Equation R2 value

Linear form US = 1.4 + 2.02Up 0.983
Non-linear form US = 1.28 + 3.06Up − 1.09 U2

p
0.995
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and PVC with branch or side chains replaced by electron-
egative atoms such as fluorine or chlorine. Each of these 
polymers has other elements introduced onto the carbon 
backbone or into the side group chains increasing the density 
throughout the series. The PCTFE, for example, is higher 
up because of the presence of both chlorine and fluorine 
which increases the repulsion force as well as the density. 
As such, the combination of density and strength ensures 
that the Hugoniot lies above their hydrocarbon neighbours. 
By employing the non-linear equations of state from Fig. 7, 
the hydrodynamic pressure can be calculated according to 
Eq. 5. When plotted with the measured stresses in Fig. 10, 
the strength of the material can be predicted.

From Fig. 9, there appears to be a deviation between pres-
sure as particle velocity increases. This implies that, at least, 
within the shock pressure regime investigated, the printed 

(5)P = �oUpUs

PLA appears to strengthen behind the shock front suggesting 
material strengthening ( � ) according to the relationship in 
Eq. 6 [29], Similar response where divergence was observed 
between measured longitudinal stress and calculated hydro-
dynamic pressures has been recorded with other polymers 
such as PE, PCTFE and PVC [6] where large deviations 
were seen. Although, it’s interesting to note that Wood et al. 
[14] observed no deviation between the hydrodynamic and 
experimental measured parameters for SC-1008 at pressures 
below 4.00 GPa, showing that such a response is not guaran-
teed—although, above 4 GPa, deviations from the hydrostat 
were observed suggesting potential material strengthening.

Recorded lateral gauge traces are presented in Fig. 10 
with the corresponding stresses noted on each trace. All 
traces reveal some similarities; a rapid rise to the Hugoniot 
stress signifying shock has been induced in the material and 
a subsequent descent in the trace due to the interaction of 
the reflected waves with the incident. However, it appears 
that the response from the different gauge traces shows some 
marked differences. The recorded gauge traces at 363 and 
822 m/s reveals that the lateral stress is decreasing. This 
implies that the material hardens behind the shock front, 
following Eq. 3. However, we have also observed increas-
ing lateral stresses with the trace labelled 0.86 GPa and 
undulating stress in the 0.41 GPa trace. The reason for the 
latter trace is not clear but the authors believe that this is 
likely a result of the layers of air and material which the 
shock fronts meet as it travels (as it equilibrates) along the 
lateral halves of the target in view of the concentric pattern 
employed in the FDM built parts. This can be verified by 
performing a similar experiment using the bulk material. 
However, usefully, the decreasing lateral stresses recorded 

(6)�x = P +
4

3
�.

Fig. 8   Comparison of Us–Up plot of printed PLA with Polyethylene 
and PVC

Fig. 9   σX/P–Up Hugoniot relationship for printed PLA plus hydrody-
namic response based on Eq. 5

Fig. 10   Lateral stress histories for printed PLA at varying impact 
velocities; gauges are 4 mm from the impact surface



384	 Journal of Dynamic Behavior of Materials (2019) 5:377–386

1 3

in the 1.09 and 0.18 GPa traces, reveals that the material 
is hardening behind the shock front, consistent with other 
polymeric material, such as PMMA [7] and Polycarbonate 
[30]. This has been attributed to an increase in the proxim-
ity of molecular components, arising from the densification 
of molecules, with strong attractive bonding and steric [31] 
entangling which tends to resist further strain with time [24].

Another interesting feature is the gauge response time. It 
was observed that the time taken for the gauge to respond 
differs with impact velocity. It was expected that the higher 
impact velocities will produce lower response time but this 
is not completely seen here. The highest response time of 
2.95E−7s was recorded for the highest impact velocity of 
822 m/s followed closely by 2.56E−7s recorded at 498 m/s 
and 1.008E−7s response time for the 739 m/s impact veloc-
ity shot. Although differences between response time are 
insignificant, the authors believe the variations are due to 
possibly misalignment of the gauges in the lateral half of the 
target. A slight misalignment of the gauge could increase the 
response time because of the time it takes for the shock to 
equilibrate across the gauge length. Although the initial rise 
in the gauge traces has been attributed elsewhere to gauge 
equilibrium [32], essentially, polymer densify to large strain 
against weaker inter-chain Van-der-Waals [24] forces before 
material begin to exhibit a steady state behind the shock 
front. This implies that the stress state stability can only be 
achieved once the polymer has been loaded to compression 
at which the carbon atoms interact at a maximum density 
which suggests that rate of compression determines the 
amplitude and time to stable state. At lower stresses such as 
that observed in the 0.405 GPa, the printed PLA takes more 
time to equilibrate to the stable state. As such, the effect of 
densification, which also includes closure of the pores and 
rearrangement of the molecule to a fully dense state is more 
visible at lower stresses.

The shear strength data calculated from Eq. 3, using lat-
eral stress gauges at 4 mm from the impact surface is pre-
sented in Table 5.

From Table 5, it is apparent that shear strength increases 
with increasing impact stresses in agreement with similar 
polymeric materials [7]. The lateral stresses immediately 
behind the shock front have been used, along with the known 

longitudinal stresses to determine the shear strength of the 
printed PLA. Usefully, the shear strength can be employed 
to help define the elastic–plastic transition. Above the elastic 
limit, the material behaves plastically and vice versa. By 
comparing the yield strength of the material to an elastic pre-
diction given in Eq. 7, the Hugoniot Elastic Limit (HEL) can 
be obtained. This technique has been previously validated 
in Ref. [7] and employed to determine the HEL of PMMA. 
Employment of the technique in the determination of the 
shear strength is presented in Fig. 11. The elastic behaviour 
is represented by the solid line according to Eq. 7 [24].

where “v” is the poisons ratio. A linear line of best-fit has 
been put through the measured stress which intercepts the 
elastic prediction at longitudinal stress of ~ 0.9 Gpa. This can 
be taken as the Hugoniot Elastic Limit. In comparison with 
similar polymeric material like PMMA where the elastic 
limit has been placed in the range ~ 0.7–0.9 GPa. It is per-
tinent to note that the specimens employed here were fab-
ricated with the build direction perpendicular to the shock 
direction and considering the fact that the mechanical prop-
erties of FDM built parts varies with built parameters [33] 
as well as the bulk material, the elastic limit obtained may 
vary with the different print settings and the bulk material; 
although this is only speculative.

From Fig. 11, it is apparent that shear strength increases 
with stress, as with other similar polymeric materials, PE 
and PVC. It is however interesting to note that the measured 
HEL of PLA is within similar range with PMMA which 
has been shown to have higher strength than basic poly-
mers (particularly PE and PVC). This could be attributed in 
some ways to steric effect, arising from large chain structure 
due to the presence of multiple side chains and the presence 
of electronegative atom in the side group chain. While the 
presence of oxygen increases the electronegativity, allow-
ing polar attraction to increase the bond strength, it’s very 
likely that the dynamic response is controlled majorly by 

(7)2� =
1 − 2v

1 − v
�x

Table 5   Experimental conditions and results of lateral stress gauges 
at 4 mm from the impact face

Flyer thickness 
(mm)/material

Impact 
velocity 
(m/s)

�x(GPa) �y(GPa) 2τ (Gpa)

10/Cu 363 0.90 0.18 0.72
10/Cu 478 1.32 0.41 0.91
10/Cu 739 2.54 0.86 1.68
10/Cu 822 2.99 1.09 1.90

Fig. 11   The Shear strength versus longitudinal stress for Printed PLA
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the interaction between adjacent polymer chains emanat-
ing from the inclusion of Methyl group and oxygen to the 
polymer chain, causing further tangling of the polymer chain 
structure.

Conclusion

Using the plate impact experiments, the dynamic response 
of 3D printed polylactic acid has been investigated over the 
impact velocity range of 200–900 m/s (corresponding to 
impact stresses of 0.30 to 4.00 GPa, respectively). A total 
of six plate-impact experiments were undertaken to deter-
mine the Hugoniot of commercially produced 3D printed 
PLA via the filament deposition technique. Both linear and 
non-linear Hugoniot was considered with the non-linear R2 
value tending to 1, giving it a non-linear equation of the form 
Us = 1.28 + 3.05Up − 1.09U2

p
 . This non-linearity appears 

indicative of the underlying material structure. A change in 
slope in the plot of shear strength ( 2� ) at 0.7 GPa against 
longitudinal stress at 0.90 ± 0.05 GPa within similar range 
with PMMA was observed, attributed to both the increase 
chain entanglement and electronegativity of the polymer 
chain structure via the addition of methyl and oxygen atom 
respectively to the polymer chain.
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