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Preface

Dynamic Behavior of Materials, Volume 1: Proceedings of the 2014 Annnal Conference on Experimental and Applied
Mechanics represents one of the eight volumes of technical papers presented at the 2014 SEM Annual Conference &
Exposition on Experimental and Applied Mechanics, organized by the Society for Experimental Mechanics and held in
Greenville, SC, June 2-5, 2014. The complete proceedings also includes volumes on: Challenges In Mechanics of Time-
Dependent Materials; Advancement of Optical Methods in Experimental Mechanics; Mechanics of Biological Systems and
Materials; MEMS and Nanotechnology: Composite, Hvbrid, and Multifunctional Materials; Fracture, Fatigue, Failure and
Damage Evolution: and Experimental and Applied Mechanics.

Each collection presents early findings from experimental and computational investigations on an important area within
Experimental Mechanics Dynamic Behavior of Materials being one of these areas.

The Dynamic Behavior of Materials track was initiated in 2005 and reflects our efforts to bring together rescarchers
interested in the dynamic behavior of materials and structures and provide a forum to facilitate technical interaction and
exchange. In the past years, this track has represented an ever growing area ol broad interest to the SEM community, as
evidenced by the increased number ol papers and attendance.

The contributed papers span numerous technical divisions within SEM, which may be of interest not only to the dynamic
behavior of materials community but also to the traditional mechanics of materials community.

The track organizers thank the authors, presenters, organizers. and session chairs for their participation, support. and
contribution to this track. We are grateful to the SEM TD chairs who co-sponsor and/or co-organize the sessions in this track.
They would also like to acknowledge the SEM support staff for their devoted efforts in accommodating the large number of
paper submissions this year, making the 2014 Dynamic Behavior of Materials Track successful.

Livermore, CA, USA Bo Song
Aberdeen Proving Ground, MD, USA Daniel Casem

Socorro, NM, USA Jamie Kimberley
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Chapter 1
Tensile Properties of Dyneema SK76 Single Fibers at Multiple

Loading Rates Using a Direct Gripping Method

B. Sanborn and T. Weerasooriya

Abstract Ultra-high-molecular-weight polyethylene (UHMWPE) fibers such as Dyneema and Spectra are seeing more use
in lightweight armor applications due to higher tensile strength and lower density compared with aramid fibers such as
Kevlar and Twaron. Numerical modeling is used to design more effective fiber-based composite armor. For accurate
simulation of ballistic impacts, material response such as tensile stress-strain of the composite constituents must be studied
under experimental conditions similar to ballistic events. UHMWPE fibers are difficult to grip using adhesive methods
typically used for other fibers due to low surface energy. Based on previous studies, the ability to grip UHMWPE fibers using
traditional adhesive methods depends on fiber diameter and is limited to smaller diameter fibers that could affect reported
stress values. To avoid diameter restrictions and surface energy problems, a direct gripping method has been used to
characterize Dyneema SK76 single fibers at strain rates of 0.001 s-1, 1 s-1, and 1000 s-1. In this report, the dependence of
fiber diameter and gage length on lailure strength is discussed as well as success rate of failures in the gage section with this
aripping technique. A comparison of the tensile properties with previous studies is also explored.

Keywords Single fiber « SHTB « Dyneema « UHMWPE « Tensile response

1.1 Introduction

Aramid fibers such as Kevlar and Twaron are frequently used in protective armor, though ultrahigh molecular weight
polyethylene (UHMWPE) fibers such as Dyneema and Spectra are desirable due to lower density at 0.97 g/em” compared
to 1.44 g/cm” for aramids. as well as higher tensile modulus and good resistance to chemical and physical degradation.
Due to an increasing need for numerical modeling capability of different soft armor systems, constituent level material
properties are required to develop simulation methods. The primary loading mode on fibers used in protective equipment is
axial tension. Hence, tensile experiments must be conducted at high strain rates that mimic loading rates that are seen in an
impact event. UHMWPE fibers such as Dyneema and Spectra are notoriously difficult to grip for these tensile tests due to
low surface energy [1]. Several authors have reported difficulties associated with gripping UHMWPE fibers [2, 3].

The ability to grip Dyneema and other UHMWPE fibers using the standard gripping method for fibers which utilizes an
adhesive to attach the fibers to a cardboard substrate is apparently dependent on fiber diameter [4. 5], which can be used
successfully when diameter is limited to up to 16 pm as noted by Hudspeth et al. [5]. Hybrid methods utilizing mechanical
gripping and adhesives have also shown limited success rates and some authors have indicated that fibers slip in the grips
during tensile experiments |2, 3]. Though adhesive methods are effective for aramid fibers [6-10], Kim et al. [11-13] have
been developing a method of direct gripping on PPTA. This direct clamping method utilizes poly methyl methacrylate
(PMMA) blocks. The efficacy of this method to grip Kevlar fibers has been rigorously studied using a variety of statistical

B. Sanborn (' ])

Oak Ridge Institute for Science and Eduction/US Army Research Laboratory. Bldg 4600),
Aberdeen Proving Ground. Aberdeen, MD. USA
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US Army Rescarch Laboratory, Bldg 4600. Aberdeen Proving Ground. Aberdeen, MD, USA
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B. Sanborn and T. Weerasooriya

methods at different strain rates. including high strain rates which pose additional problems such as minimizing the overall
arip size to fit on the Kolsky bar apparatus [11-13].

To overcome the difficulties associated with adhesive bonding, hybrid adhesive and mechanical methods. and
mechanical methods that might not provide accurate strain measurements, a gripping method similar to that proposed by
Kim et al. [11-13] has been refined and used in this study to collect accurate strain histories of single fiber samples and to
load specimens to [ailure without apparent fiber slippage from the gripping system. Furthermore, this technique is applicable
to UHMWPE fibers and is not limited by the diameter of the fiber and can be utilized at high strain rates. In addition to
investigating the loading rate effects on SK76 fibers, a wide range of gage lengths was used to study the effect of defect

distribution in the fiber.

1.2 Experiments

To study the tensile strength of Dyneema SK76 fiber under uniaxial tension, single fibers were extracted from SK76 yarns
and were glued to temporary specimen holders. Diameters of individual fiber samples were measured in an optical
microscope for accurate stress determination. After diameter measurements were taken, the fibers were loaded into the
direct grips and clamped in place. The temporary specimen holders were clipped and removed from the experimental
apparatus. Fiber samples were pulled in tension at strain rates of 0.001 and 1 s ' using Bose Electroforce and at 1,000 s '
using a tension Kolsky bar modified for fiber characterization. Specimens with gage lengths of 5, 10, and 50 mm were
studied at quasi-static and intermediate rates and gage lengths of 5, 7, and 10 mm were studied at high strain rates to study the
effect of defect distribution in the fibers. A total of ten experiments were conducted at each condition of gage length and
strain rate for a total of 90 experiments.

1.3 Results

Overall. the direct gripping method applied to Dyneema fibers was successful. Fibers over a range of from 14.5 to 22.3 pm
were successfully gripped using this technique. One particularly large fiber sample with diameter of 35,9 4+ 0.52 pm
was also successfully gripped using this technique, but was not included in the analysis due to its uncharacteristically
large diameter.

Tensile strength as a function of strain rate is shown in Fig. |.1. The overall behavior of the fiber shows an increase in
strength with increasing strain rate. The results show that a plateau in strength is reached at an intermediate strain rate
of I s ' since the failure strength of the fiber does not increase when the strain rate is increased from 1 to 1,000 s '. The
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failure strength of Dyneema does not depend on the gage length of the fiber since no change in strength was observed at
shorter gage lengths. Future work should include shorter gage lengths to further probe this observation. The results of this
study show higher failure strengths compared to the study by Hudspeth et al. [5] on Dyneema SK76. but compare well with
published data by Dyneema [14] and a study by Russell et al. on SK76 fibers and yarns [3].

In general, the stress—strain behavior of the Dyneema fiber is increasingly linear with increasing strain rate [3, 15, 16].
The average behavior of 5 mm gage length samples is shown in Fig. 1.2. Error bars represent + one standard of deviation
of strength at each strain value. At low rates, the primary deformation mode of the Dyneema UHMWPE fiber is creep
[3, 17-19]. Creep was also noted on non-ballistic grades of Dyneema such as SK66 [20] and SK65 [21]. In cach case the
creep component increases with decreasing strain rate. The increase in linearity of the stress—strain curve is also seen when
experiments at different temperatures are conducted [20] suggesting that the mechanism of failure at low temperatures is

similar the mechanism of failure at high strain rates.
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Chapter 2 .
Statistical Characterization of Single PPTA Fiber Tensile

Properties from High Strain Rate Tests

J.H. Kim, N.A. Heckert, W.G. McDonough, K.D. Rice, and G.A. Holmes

Abstract Single [poly (p-phenylene terephalamide)] PPTA fiber tensile strengths were measured under quasi-static and
high strain rate loading conditions, and poly (methyl methacrylate) (PMMA) and rubber as gripping materials were used to
investigate gripping effects for the tests. To incorporate the strength distributions of single PPTA fibers into a rate dependent
stochastic strength model. it is important to estimate uncertainties of the model parameters as well as the best-fitting-
distribution for the parameter estimation. We demonstrated the appropriateness of a Weibull model for the tensile strengths
obtained by the quasi-static test and preliminary results for the corresponding Weibull shape parameters with approximately
420 % parameter confidence intervals. These results will be used to characterize of the strengths obtained by the high strain

rate test using the Weibull model.

Keywords Single fiber tensile test « PPTA fiber « Statistical analysis « High strain rate « Direct fiber grip

2.1 Introduction

Soft body armors have been used to protect the human body from the ballistic impact. The impact and perforation of fabrics
in the body armors depend on several parameters including the material properties of the yarns, fabric structure, the
projectile velocity etc. When a projectile strikes a fabric of body armor, longitudinal and transverse waves propagate
from the impact zone. and these create fiber deformations in several different directions indicating tension along the fiber’s
axis, transverse compression, and fiber deflection. Numerous studies have been carried out on the impact behaviors of soft
body armors during ballistic events, however, most of the studies on the influence of materials tensile properties on ballistic
performance are conducted using the quasi-static properties | 1].

Until recently, most fiber strengths obtained by single fiber tensile tests have been performed under many orders of
magnitude slower loading conditions compared to ballistic impact. In order to measure fiber strengths under loading rates
comparable to those of ballistic impact. a miniaturized Kolsky bar has been developed [2] and a direct fiber gripping method
1o increase test throughput has been adopted after a comparison study for gripping methods [3. 4.

Fiber strengths obtained by the single fiber tensile test typically exhibit large variation, so statistical analyses are often
carried out to model dispersions of strength data. Many Weibull analyses for single fiber strengths obtained under the quasi-
static loading conditions have been carried out: however fiber strengths for high strain rates tests are rarely reported.
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6 J.H. Kim et al.
Main objectives of this study are investigating stochastic the behavior of single PPTA fiber strengths obtained under
the quasi-static and high rate loading tests. We focus on the Weibull distribution to model the strength dispersions, after

examining distributions graphically.

2.2 Stochastic Fiber Fracture Model

A stochastic fiber fracture model using the two-parameter Weibull distribution has been proposed to predict ultimate
strengths of various types of fibers [5]. The average tensile strength (oy) of the individual fibers with a length (L) can be

EX 1
a,»:y<L—U) r(1+/;>, (2.1)

where y and f# are the Weibull scale and shape parameters respectively, and I" is the gamma function. T (1 + 1/p) = 0.95 £ 0.03
in the case of the Weibull shape parameter p values varying from 5 to 30 [5]. L, is a reference length (I mm in this study).
Equation (2.1) is typically used for estimating fiber strengths obtained by quasi-static tests. Assuming the same linear elastic
behaviors of the fibers until rupture for both quasi-static and high strain rate loadings, the relation of the Weibull parameters
between quasi-static and high strain rate tests as a function of strain rate can be given by [6]:

given by:
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where the subscripts s and /2 represent quasi-static and high strain rate loading conditions, and & and &,,; represent the input
strain rate and the reference strain rate (i.e. the strain rate for quasi-static loading) respectively. The ratio of the mean
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strengths for the two cases is y, (ILT,) F(l +/+) [¥h (ﬁ) F(l + //L;) So if two cases (i.e., quasi-static and high strain
rate) are adequately modelled by the two-parameter Weibull and the shape parameters are essentially equivalent, then the
ratio simplifies to the ratio of the scale parameters.

2.3 Experimental Procedure

2.3.1 Single Fiber Tensile Tests

PMMA [poly (methyl methacrylate)] and rubber were used as clamp materials for the single fiber tensile tests to investigate
gripping effects. The authors will utilize the term “PMMA and rubber grips™ to refer a fiber grip made by two different
materials set. For the quasi-static loading, a single fiber was clamped in the grips of a screw-driven machine with
approximately I mN of pretension using a weight. Open/close motions of the grips were controlled by a pneumatic
controller. Strain-to-failure was obtained by the displacement of the actuator, and the tensile stress was obtained by the
force history and the cross sectional area of the fiber. Fiber lengths of 2. 5, and 10 mm were chosen to be the gauge lengths
respectively. For the high rate loading, the miniaturized Kolsky bar was used in conjunction with a quartz-piezoelectric load
cell due to very small transmitted force signal through a single PPTA fiber. A laser optical system [7] was used to measure
the displacement of the Kolsky bar. A thin laser line generated by 100 mW laser illuminates a target that is attached to the
gripping area of the Kolsky bar. The intensity of the refocused beam from the laser line is increased as the end of the bar
moves in uniaxial tension and the relation between the bar location and the laser intensity is used to calibrate the laser
intensity. Fiber lengths with 2, 5, and 8 mm were used as the gauge lengths of the high rate tests. Both tensile test results as a
function of strain rate will be demonstrated in the presentation.
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2.4 Results and Discussion

In this section, the procedures of the statistical analyses for the tensile strength data are briefly described and the statistical

analysis results are summarized for cach step.

2.4.1 Non-parametric Analysis of the Tensile Strengths

The fiber tensile strengths obtained by PMMA and rubber grips were compared graphically using kernel density plots.

The kernel density estimate is defined as

w (2.3)
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with K. /i, Y;, and n denoting the kernel function, the window width, the ith data point and the number of data points,
respectively. The histogram is a simple kernel density estimator where /i corresponds to the bin width, but typically the
kernel density plot can show the underlying structure in the data more clearly than a histogram. particularly for modest
sample sizes. Kernel density plots provide indications of such features as (1) the center of the data, (2) the spread of the data,
and (3) the skewness of the data. Because of these advantages. we used it for estimating the strength distributions
graphically. Figure 2.1 shows the kernel density plots of the tensile strengths for the PMMA and rubber grip tests using
2 mm fibers under the quasi-static loading condition. Similar widths of the kernel density plots for both grip tests indicate
comparable strength distributions for the tests. but with possibly distinct modes of peak locations.

2.4.2 Distributional Fits: Parameter Estimates and Confidence Limits

Since the parameters of the two-parameter Weibull distribution are used in estimating average fiber strengths. one should
estimate the Weibull parameters and uncertainties (confidence intervals) for the parameter estimates. The cumulative
distribution function of the two-parameter Weibull distribution is given by:
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where v is fiber strength and other parameters are the same with those in Eq. (2.1). Although the Weibull plot is frequently
used to estimate the parameters, we used maximum likelihood (ML) method. Since the Weibull shape parameter is
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correlated to the dispersion of the data, we focus on the shape parameter and its confidence interval. The shape parameters
for the strength data (Fig. 2.1) obtained by the ML method varied from six to eight with confidence intervals approxi-

mately 20 %.

2.4.3 Assessing Goodness of Fit

The two-parameter Weibull distribution is typically used to analyze dispersions of fiber strength data without investigating
goodness of fit. A primary analytical method to assess goodness-of-fit is the Anderson—Darling (AD) test. Using PPTA fibers
similar to the fibers used in this study, fiber strengths with 2 mm were previously measured for the PMMA grip under the
quasi-static loading condition. A—D tests were carried out, which rejected the best-fitting assumption for the two-parameter
Weibull distribution (1.2 A-D and 0.76 critical values). More goodness-of-fit analyses are being carried out with the PPTA
fibers for the PMMA and rubber grips and will be presented in the future.

2.5 Concluding Remarks

Single PPTA fiber strengths were measured using the PMMA and rubber grip methods under quasi-static and high strain rate
loading conditions. To validate a model, an important procedure is to confirm the best-fitting distribution as well as the
parameter estimates. Since we are investigating dispersions of fiber strengths obtained by the high rate tests which are rarely
reported in literatures, a procedure for assessing the strength distributions with the two-parameter Weibull is demonstrated
for each step. Detailed statistical investigations for the strengths will be used to characterize PPTA fiber tensile properties as
a function of loading rate and gripping method.
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Chapter 3
Static and Dynamic Thermo-Mechanical Behavior of Ti,AlC

MAX Phase and Fiber Reinforced TiAlIC Composites

Prathmesh Naik Parrikar, Huili Gao, Miladin Radovic, and Arun Shukla

Abstract Ti-AIC MAX phase samples were processed by using Spark Plasma Sintering from commercially available
Ti»AIC powder. Static and dynamic loading was performed by Universal Testing Machine and Split Hopkinson Pressure Bar
(SHPB) respectively. The SHPB apparatus was modified to investigate the dynamic fracture initiation toughness. High speed
photography was used to determine the fracture initiation time and the associated failure load. To widen applications, 20 vol
Y% fiber of NextelTM-610 and NextelTM-720 have been added for the reinforcement of Ti,AlIC, respectively. The results
reveal that the peak compressive failure stress in dynamic conditions decreases with increasing temperatures, from
1,645 MPa at 25 °C to 1.210 MPa at 1,200 “C. The fracture experiments show that the dynamic fracture toughness is
higher than the quasi-static value by approximately 35 %. The fracture toughness decreases with increase in temperature.
The post mortem analysis of the fracture surfaces conducted using Scanning Electron Microscopy revealed that kinking
along with intergranular cracking and delamination play important role in deformation of Ti,AIC. Compared to pure Ti,AIC,
compressive fracture strength of 20 vol% Ti,AIC/720f and Ti>AIC/610f composites were enhanced by 39.7 and 32.6 %

under static loading.

Keywords MAX phase ¢« Thermo-mechanical loading  Fracture toughness « Constitutive behavior « Kink bands « Titanium

aluminum carbide

3.1 Introduction

The M, AX,, (MAX) phases are a class of nanolayered, machinable, early transition ternary metal carbides and/or nitrides
[1]. Because of the structural similarity between MAX phases and their corresponding MX structure, they share lot of
properties while some properties are significantly different from their MX counterparts [2, 3].

Ti,AIC is a MAX phase that has attracted a lot of attention as it is machinable, electrically conductive, lightweight and
resistant to thermal shock, oxidation and creep [4-7]. Difterent methods of fabrication of Ti»AIC and its composites for high
temperature applications [4, 8, 9]. The material characterization of MAX phases has been limited to quasi-static loading regimes.
The K values are reported to be in a large range from 4 to 16 MPa m'” are probably attributed to the different grain size, the
shape and dimension of the sample, sample impurities, different testing methods, and experimental conditions [ [0-13].

In this study experiments were conducted to investigate the effect of different strain rate and temperature on the material
characteristics. An experimental investigation of the stress strain characteristics of Ti>AIC under quasi-static and dynamic
loading was conducted at room and elevated temperatures. The peak compressive stress decreases with increasing
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