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Abstract 

During plastic deformation of metals only a portion of the plastic work done on 

the material is expended to modify its physical properties while the remaining energy is 

converted to heat.  The associated rise in temperature during deformation can affect the 

mechanical response of the material (e.g. strain hardening, thermal softening, 

precipitating localizations, etc.).  At low strain rates the conditions are virtually 

isothermal as there is sufficient time for the heat to transfer to the surroundings.  At high 

strain rates the temperature in the metal can increase significantly and the conditions can 

become nearly adiabatic as the heat cannot dissipate to the surroundings.  The portion of 

plastic work that is converted to heat is determined by the Taylor-Quinney coefficient (β) 

and is quantified by measuring both the plastic work and temperature rise in a material 

during deformation.  By including the Taylor-Quinney coefficient, complex material 

models can more accurately model the thermoplastic deformation of the material over a 

wide range of strains, strain rates, and temperatures. 

An experimental program is introduced to investigate the dependence of the 

Taylor-Quinney coefficient on strain rate and strain.  Tension tests with specimens made 

of Ti-6Al-4V, Aluminum 2024-T351, and Inconel 718 are performed at various strain 

rates ranging from 1E-4 to 6000 sˉ¹. The quasi-static tests are completed on a hydraulic 

load frame while tests ranging from 500 to 6000 sˉ¹ are completed using the split-
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Hopkinson bar (SHB) technique.  Flat thin tensile specimens are used where strain is 

measured on one side of the specimen using 2D or 3D Digital Image Correlation (DIC) 

and simultaneous temperature measurements are recorded on the opposite side of the 

specimen via infrared thermography.  A method to determine β by combining the full-

field temperature and strain measurements together with the recorded force data is 

developed. The dependence of β on plastic strain and strain rate is determined. 
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Chapter 1 Introduction 

1.1  Motivation and Objectives 

The design of co mmercial jet engines has been under intense scrutiny since their 

inception due to their catastrophic and fatal potential in the event of failure.  An 

uncontained blade-off event is the most potentially damaging accident and occurs when a 

single blade in the engine detaches from the main rotor hub, is ejected laterally through 

the engine shroud, and causes damage such as: puncturing the main fuselage, cutting 

essential fuel lines, or damaging the attachment structure of the engine to the airframe.  

On July 19, 1989 a DC-10 experienced an uncontained engine failure in its tail-mounted 

engine which led to the failure of the engine and the loss of all hydraulic flight controls.  

With the assistance of a DC-10 flight instructor who was onboard, the pilots were able to 

assume limited control the aircraft with the use of differential power in the two wing-

mounted engines and performed an emergency landing at Sioux City International 

Airport, Iowa.  Of the 296 passengers and crew onboard, 185 survived.  After a thorough 

accident investigation the National Transportation Safety Board (NTSB) concluded in its 

report that the titanium first-stage fan disc on the tail engine contained a manufacturing 

defect that created a hairline crack after thousands of operational hours [3].  The disk then 

separated during flight, was ejected through the engine shroud, and severed all three of 
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the plane’s hydraulic lines.  Images of the failed fan disk, recovery of the fan disk, and an 

investigative recreation of the failed engine are shown in Figure 1.1. 

From these findings the NTSB had several reco mmendations for reducing the 

disastrous consequences of blade-off events and created the Systems Review Task Force 

(SRTF) comprised of the Federal Aviation Administration (FAA) Research and 

Development Advisory Co mmittee and industry members Boeing, Douglas, Airbus, 

Lockheed, General Electric, Pratt & Whitney, and Rolls Royce.  Within the SRTF was an 

Engine Containment Working Group focused on the  

“…categorization of parts that may not be contained in the event of failure. This 

concept states that there are parts that cannot be contained by any known means. The 

group's approach to this problem is to identify the potential parts in this group, to 

characterize their damage potential to the airplanes, and to pay special attention to them 

during design, in-service inspection, and repair.” [3] 

 

This working group eventually evolved into the FAA Aircraft Catastrophic 

Failure Prevention Program (ACFPP) which was created by the United States Congress 

under the Omnibus Budget Reconciliation Act of 1990.  The explicit goal of this program 

is stated as the following: 

 “…to develop technologies and methods to assess the risk or and prevent defects, 

failures and malfunctions of products, parts, processes and articles manufactured for use 

in aircraft, aircraft engines, propellers, and appliances which could result in a 

catastrophic failure of an aircraft.” [5] 

 



3 

 

 

Figure 1.1 (a) No.2 Engine Stage 1 Fan Disk Reconstructed with Blades [3] (b) Recovery of 

a Fan Disk Blade from the No.2 Engine [4] (c) Recreation of the Tail Engine to Investigate 

the Ejection of Fan Blades after Failure [4] 

 

With these stated goals in mind, the FAA ACFPP has sponsored research since the mid-

1990s focusing on mitigating blade-off events by developing physics-based material 

models that can accurately predict the failure modes and damage caused by turbine 

engine fragments.  These new analysis tools are to be provided across the aerospace 

industry to standardize the analysis, design, and certification phases of engine 

development.   

During each blade-off event the projectiles and containment rings realize high 

strain rates, elevated temperatures, and complex states of stress and therefore the data 

used to calibrate these models must come from physical tests in those conditions.  

Through a collaborative effort between the FAA, the National Aeronautics and Space 
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Administration at the Glenn Research Center (NASA-GRC) Impact Dynamics Group, the 

Ohio State University (OSU) Dynamic Mechanics Material Laboratory (D MML), the 

Center for Collision Safety and Analysis (CCSA) at George Mason University (GMU) 

and the LS-DYNA Aerospace Working Group (AWG) a family of tabulated plasticity 

models (MAT_224, MAT_224_GYS, and MAT_264) based on the Johnson-Cook 

approach has been developed for Ti-6Al-4V, Aluminum 2024-T351, and Inconel 718 in 

LS-DYNA [6]–[12].  For each model an extensive material characterization was carried 

out by OSU D MML, experimental data was delivered to GMU for model development, 

and the model simulations were compared against dynamic impact data from NASA-

GRC tests.  All models have the ability to consider the plastic strain as a function of 

stress state, strain rate, and temperature.   The resultant temperatures in each material 

model are based on the following equation:  

𝑇 = 𝑇0 +
𝛽

𝑐𝑝𝜌
∫ 𝜎𝑝𝜖𝑝̇

𝜖𝑝

0
𝑑𝑡  (1-1) 

 Where 𝑇 is the material temperature, 𝑇0 is the ambient temperature, 𝑐𝑝is the 

specific heat, 𝜌 is the density, 𝜎𝑝 is the plastic stress, 𝜖𝑝 is the plastic strain, 𝜖𝑝̇ is the 

plastic strain rate, and 𝛽 is the Taylor-Quinney coefficient. In the current material models 

the Taylor-Quinney coefficient is a constant. However, previous works have shown that 

𝛽 is strain and strain rate dependent in compression tests [13]–[15].  Each of the LS-

DYNA material models can support a variable Taylor-Quinney coefficient based on 

reliable physical data. This study will further calibrate the material models by 

determining the temperature increase due to plastic work for Ti-6Al-4V, Aluminum 
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2024-T351, and Inconel 718 using coupled load, strain, and temperature measurements.  

Tension tests are carried out on the same 12.7 mm thick plates that were used in previous 

experiments to maintain a consistent methodology.  Plastic strain and strain rate 

dependence of the Taylor-Quinney coefficient is found by testing in tension at strain rates 

from 1.0E-4 to 6000 sˉ¹ for each material.   

 

1.2  Literature Review 

Several researchers have studied the conversion of plastic work into heat.  The 

first attempts to quantify the fraction of plastic work stored as cold work versus released 

as heat were conducted by Farren and Taylor [16] and Taylor and Quinney[17].  In these 

experiments, large torsional plastic strains were induced in mild steel, pure iron, and 

copper rods using a geared torsional apparatus.  The temperature of each rod was 

recorded with a thermocouple on the surface of each sample and with a calorimeter i 

mmediately following the loading.  In these tests they concluded that the fraction of 

plastic work converted to heat was greater than or equal to 0.85.  They also concluded 

that the fraction of work converted to heat was nearly constant for copper and mild steel 

over a range of strains.  For many years following these experiments, β was assumed to 

be a constant value between 0.85 and 1 and insensitive to strain and strain rate. A review 

of similar experiments is thoroughly explored in Bever et al. [18]. 

Mason et al. [15] performed the first attempt to quantify the dependence of β on 

strain and strain rate in Aluminum 2024, 4340 steel and Ti-6Al-4V using a compression 

Kolsky bar and a high speed infrared detector first designed to measure temperatures in a 
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propagating crack by Zehnder et al. [19]. The detector consisted of 8 individual InSb 

sensors sensitive to radiation with wavelengths from 1 to 5.5 µm and operated with a 

sampling rate of 2 MHz.  The detectors were calibrated by placing the specimen in the 

experimental apparatus and simultaneously measuring the temperature of the sample and 

the voltage output of the sensor.  Specimens of Aluminum 2024, Ti-6Al-4V and 4340 

Steel were tested to failure at strain rates from 1000 to 3000 sˉ¹. The values of β obtained 

for Aluminum 2024 and 4340 calculated to be 0.85 matching earlier low strain rate tests 

[5] which means β is not rate sensitive for these materials.  Ti-6Al-4V showed signs of 

strain sensitivity as β increased from 0.65 at 3% strain to 0.95 at a strain of 5% then 

decreased to 0.5 at a strain of 18%.  The measured temperature values from the 4340-

steel test revealed that the temperature field on the surface of each specimen were 

inhomogeneous which called into question the strain energy measurement for the 

calculation of β.  Utilizing the same infrared detector, Hodowany [14] performed 

compression tests on Aluminum 2024 and alpha-Titanium. In each test it was assumed 

the specimen experienced homogeneous deformation, uniform temperature distribution, 

adiabatic behavior, and negligible thermoelastic heating.  Aluminum 2024 was found to 

be strain dependent as β increased from 0.3 to 1 during plastic deformation from 2 to 

55% plastic strain. 

It is important to mention that these calculations of 𝛽 are defined as 𝛽𝑑𝑖𝑓𝑓 which 

differs from another calculation of 𝛽 known as 𝛽𝑖𝑛𝑡.  This difference in 𝛽 calculation was 

first noted by Rittel [20] and is described by the following equations: 𝛽𝑖𝑛𝑡 =
𝜌𝑐𝑝Δ𝑇

∫ 𝑊𝑝
𝑡

0

  (1-2) 
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or 𝛽𝑑𝑖𝑓𝑓 =
𝜌𝑐𝑝𝑇̇

𝑑𝑊̇𝑝
 (1-3) where 𝜌 is the density of the material, 𝑐𝑝 is the specific heat of the 

material, Δ𝑇 is the change in temperature, 𝑇̇ is the rate of the change in temperature, 

∫ 𝑊𝑝
𝑡

0
  is the plastic work and 𝑑𝑊̇𝑝 is the rate mechanical power.  𝛽𝑖𝑛𝑡 is a relation of the 

thermal dissipation to mechanical work and requires simultaneous strain and temperature 

measurements. 𝛽𝑑𝑖𝑓𝑓 is the ratio of the rate of thermal dissipation to mechanical power 

and is calculated from the derivatives of the best fit curves of the plastic work and 

temperature data.  

Several other researchers have used similar methods to determine the fraction of 

plastic work converted to heat in metals during high strain rate deformation assuming 

adiabatic conditions.  Kapoor and Nemat-Nasser [21] calculated the temperature rise in 

compression tests of Ta-2.5% W alloy, pure Titanium, 1018 Steel, 6061 Aluminum and 

OFHC Copper at strain rates of 3000 sˉ¹.  The temperature increase was determined with 

a 2 mm InSb sensor divided into 4 separate quadrants connected to a 1MHz amplifier.  

Errors in temperature measurement on the surface of the specimen due to the curve of the 

surface or the roughness caused by plastic deformation were assumed to be negligible.  

𝛽𝑖𝑛𝑡 for the various materials were calculated to range from 0.6 to 0.85 but strain and 

strain rate sensitivity was not investigated.    

Macdougall and Harding [22] measured 𝛽𝑑𝑖𝑓𝑓 in torsion tests of Ti-6Al-4V and 

also measured the surface temperature of tension tests at strain rates on the order of 1000 

sˉ¹.  Temperatures were measured using a 12-element Hg-Cd-Te radiometer sensitive to 

radiation in the range of 2 to 5.5 µm. The researchers used a calibration method similar to 



8 

 

[12] and [16] but found their temperatures to be underestimated. Macdougall [23] created 

a new calibration system that removed extraneous sources of radiation and allowed the 

temperature of the specimen to be more closely monitored and controlled.  With the new 

calibration method Macdougall found the 𝛽𝑑𝑖𝑓𝑓 in the torsion tests increased from 0.6 at 

2% strain to 0.9 at 5% strain and remained at 0.9 up to 30% strain. 𝛽𝑑𝑖𝑓𝑓 values were not 

calculated for the tension tests as the strain in the necking region of the specimen could 

not be properly evaluated.   

More recently, Rittel et al. [13] studied 𝛽𝑖𝑛𝑡 for Ti-6Al-4V, Aluminum 2024 and 

5086, SS 304L, 1020 Steel and C300 in compression, tension and shear at strain rates 

ranging from 1200 to 7000 sˉ¹.  The 𝛽𝑖𝑛𝑡 for Ti-6Al-4V was strain dependent as 𝛽𝑖𝑛𝑡 

decreased from 0.5 to 0.38 with strains from 2 to 35%.  Similarly, Aluminum 2024 was 

slightly strain dependent as 𝛽𝑖𝑛𝑡 decreased from 0.4 at a strain of 5% to 0.25 at a strain of 

10% strain and then remained constant at 0.25 up to a strain of 30%.  Neither material 

was strain rate or loading mode dependent.  𝛽𝑖𝑛𝑡 in tension could only be calculated from 

strains of 2 to 7% because the determination of the strain energy from the engineering 

stress and strain is no longer valid once homogeneous deformation ends and necking 

begins. 

Simultaneous temperature and DIC measurements have been recorded by multiple 

researchers at low strain rates [24]–[31] but only two of these researchers investigated the 

partition of plastic work converted to heat.  Knysh [28] tested slender rods of 303 and 

316 stainless steel, co mmercial-pure titanium, and Ti-6Al-4V inside a thermally isolated 

vacuum tube with well-defined thermal boundary conditions to emulate a simple 1D heat 
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transfer model. 2D-DIC images were taken on one side of the specimen with a single 

2MPixel camera while infrared images were captured simultaneously with a FLIR SC-

645 infrared camera capable of detecting temperature from -20ºC to 150ºC at a spatial 

resolution of 640x480 pixels.  The infrared camera viewed the specimen through a 

potassium bromide window allowing all relevant wavelengths of infrared to be visible to 

the camera.  Tests were conducted at strain rates from 0.001 to 0.01 sˉ¹ meaning tests 

were not adiabatic in nature.  Using the 1D heat transfer model the heat generated from 

deformation was isolated from the heating caused by conduction in the rod.  It was found 

that 𝛽𝑖𝑛𝑡 is not constant with the plastic strain, instead it drops as the plastic deformation 

accumulates.  In most cases 𝛽𝑖𝑛𝑡 varied between 0.55 and 0.8.  All 4 metals exhibited 

strain rate dependency as 𝛽𝑖𝑛𝑡 increased with increasing strain rate although the stainless 

steels were less strain rate dependent.   

Duomoulin [31] measured the displacement and temperature fields in 3 different 

TRIP steels during tensile loading tests at a strain rate of 1.7E-3 sˉ¹.  Utilizing the 

simultaneous measurements, a thermodynamically consistent elastic-plastic constitutive 

model including the von Mises yield criterion with the associated flow rule could be 

employed with a local heat diffusion equation to recreate the behavior exhibited during 

the test.  The model was able to recreate the Lüders band phenomena and was also 

successful in capturing 𝛽𝑑𝑖𝑓𝑓 which remains constant at 0.6 throughout the test. 
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Chapter 2 Experimental Procedures and Techniques 

 

This chapter presents the experimental program that was used to measure the 

Taylor-Quinney coefficient of Aluminum 2024, Ti-6Al-4V, and Inconel 718 over a range 

of strain rates in tension. Loading techniques for the quasi-static and dynamic strain rate 

tests and the analysis of experimental data are described.  A novel method to combine 

full-field strain and temperature measurements is presented. 

 

2.1 Material Selection 

Materials used in these tension experiment are from the same production lots as the 

preceding Aluminum 2024-T351 [8], Ti-6Al-4V [6], [10], and Inconel 718 [7], [9] characterization 

studies.  Using material from the same production lots removes material variations that could occur 

from plate to plate which could obscure results and impact the overall performance of the material 

model.  The chemical makeup from the Aluminum 2024-T351 12.7 mm plate obtained from 

Kaiser Aluminum is presented in Table 2.1.   

Table 2.1 Chemical Composition of Aluminum2024-T351 12.7 mm Plate 

 

The Ti-6Al-4V 12.7 mm plate was obtained from Titanium Industries Inc. and its 

chemical makeup was determined by the NASA – Glenn Research Center as shown in 

Table 2.2 Chemical Composition of Titainium-6Al-4V 12.7 mm Plate 

 

Si Fe Cu Mn Cr Zn Ti V Zr Al

Aluminum 2024-T351 0.08 0.22 4.47 0.59 1.37 0.01 0.18 0.02 0.01 bal

Chemistry
Material/Alloy/Treatment
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Table 2.2 Chemical Composition of Titainium-6Al-4V 12.7 mm Plate 

 

The Inconel 718 12.7 mm plate was obtained from Allegheny Ludlum in the annealed 

condition and then heat treated using the method presented in Table 2.3. 

Table 2.3 Heat Treatment of Inconel 718 12.7 mm Plate 

 

The material composition of the Inconel 718 plate is summarized in Table 2.4: 

Table 2.4 Chemical Composition of Inconel 718 12.7 mm Plate 

 

 

2.2 Specimen Design 

Tensile tests are conducted on thin flat dog-bone specimens of each material 

shown in Figure 2.1 at strain rates 1 E-4 sˉ¹, 1 E-1 sˉ¹, 1 sˉ¹, 500 sˉ¹, 2000 sˉ¹, and  6000 

sˉ¹.  These specimens are used to study the strain and strain rate dependence of the 

temperature rise and related Taylor-Quinney coefficient of each material.  The gage 

section of 5.08 mm is standard for each specimen and is constrained by the duration of 

the tensile wave that can be generated in the split-Hopkinson bars.  The width of the gage 

section varies for each material due to differences in ultimate stress of each material and 

the limited incident force that can be transmitted by the split-Hopkinson bars.  

Modifications are made to the tabs of each specimen to allow for the specimen to be 

Al V Fe O C N Ti

Titanium-6Al-4V 6.64 4.04 0.13 0.19 0.011 0.006 bal

Material/Alloy
Chemistry

Phase Duration (hrs.) Description

Temperature Hold 8 Hold at 718ºC

Ramp Cool 1.76 Ramp Cool at 55ºC/hr

Temperature Hold 8 Hold at 621ºC

C Mn  P S  Si Ni Cr Mo Co Cu Al Ti Cb B Fe Ta

Inconel 718 0.048 0.08 0.008 0.0001 0.072 52.6 18.32 2.87 0.2 0.034 0.54 1.02 4.94 0.0029 9.25 0.01

Chemistry

Material/Alloy
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attached to each loading apparatus.  The specimens for load frame have an increased tab 

length of 31.75 mm while those tested on the direct tension SHB have 3.97 mm diameter 

through holes in the center of the tab.  These modifications do not affect the gage area of 

the specimen and should not affect results.   Each specimen is Electric Discharge 

Machine (EDM) wire cut from 0.5” plates of each material in the rolling direction.  The 

surface of each specimen is ground to remove the recast EDM layer and cleaned with 

ethanol to ensure a consistent surface finish.  An inconsistent surface finish can result in 

differences in emissivity and a reduction in the material strength properties between 

comparable specimens.  The width and thickness of each specimen is measured before 

each test to ensure that slight variances in the machining and grinding of each individual 

specimen does not affect the calculation of engineering stress. An overview of the test 

program is shown in Table 2.5. 

 
Figure 2.1 Specimen Geometry for each Material 
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Table 2.5 Experimental Test Program Overview 

 
 

2.3 Quasi-Static Tensile Test Procedure 

Quasi-static tensile tests at strain rates of 1 E-4 sˉ¹, 0.1 sˉ¹, and 1 sˉ¹ are carried 

out on an Instron 1321 servo-hydraulic biaxial load frame.  The machine is equipped with 

an Interface 1216CEW-2K load cell capable of recording a maximum uniaxial load of 

8.896 kN and a torque maximum of 113 N-m.  The axial displacement of the load frame 

is controlled by Multipurpose Testing Software and an MTS FlexTest SE controller 

connected to a Linear Variable Differential Transformer (LVDT) inside the load frame. 

The MTS FlexTest SE also records the digital data output by the load cell, LVDT, and 

Rotary Variable Differential Transformer (RVDT).  Specimens are attached to the 

machine using MTS647.02B-22 hydraulic wedge grips.  The faces of the grips are placed 

in contact with each specimen and the controller is set to load control to maintain the 

axial load at 0 N on the specimen while the grips are clamped to a force of 4500 N.  Each 

specimen is deformed by running an axial ramp program on the controller. The 

displacement velocity of each program is calculated by multiplying the desired strain rate 

Material
Strain Rate 

(sˉ¹)

Experimental 

Apparatus

Target Actuator 

Velocity

1.00E-04 5.08E-4 mm/s

0.1 0.508 mm/s

1 5.08 mm/s

500 2.54 m/s

2000 10.16 m/s

6000
Direct Impact Split-

Hopkinson Bar
40.64 m/s

Hydraulic Load Frame

Direct Tension Split-

Hopkinson Bar

Aluminum 2024-T351 

Ti-6Al-4V               

Inconel 718
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by the gage length of the specimen.  The engineering stress during each tension test is 

determined by the following:  

𝜎𝑒(𝑡) =
𝐹(𝑡)

𝐴𝑠
    (2-1) 

Where 𝜎𝑒(𝑡) is the engineering stress, 𝐹(𝑡) is the force measured by the load cell, and 

𝐴𝑠 is the original area of the specimen.  An image of the MTS setup is shown in Figure 

2.2. 

 
Figure 2.2 Overview of the Load Frame Test Setup 

 

2.4 Direct Tension Split Hopkinson Bar Procedure 

Tensile tests at strain rates of 500 sˉ¹ and 2000 sˉ¹ are performed for each material 

on a direct tension split-Hopkinson bar designed by Staab and Gilat [32].  The apparatus 

consists of two 12.7 mm diameter aluminum 7075 bars: a 3.68m long incident bar and a 

1.83m long transmitter bar.  Each test specimen is placed between the two bars by 

epoxying the specimen into two 12.7 mm diameter aluminum 2024 slotted adapters and 

then epoxying the entire assembly to the bars. The adapters are designed to ensure that 

Specimen 
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impedance mismatches between the bars and specimen assembly are kept to a minimum 

to reduce wave reflections.  A schematic and experimental setup overview of the direct 

tension bar are presented in Figure 2.3 and Figure 2.4.  Each tensile test is performed by 

first clamping the incident bar with a modified vise clamp at the mid-span and then 

applying a static tensile force to the end using a pulley system.  The applied tensile force 

is proportional to the strain rate of the test and is measured by foil strain gages in a 

Wheatstone bridge configuration located between the end of the bar and the modified 

vise clamp.  Once the incident bar is loaded to the appropriate tensile force a fracture pin 

located in the vise grip is loaded to failure by a hydraulic C-clamp and an elastic tensile 

wave (𝜖𝑖) is generated in the incident bar.  The specimen begins to plastically deform as 

the wave travels through the specimen due to differences in the displacements at the ends 

of the incident and transmitter bars.  Part of the tensile wave passes through the specimen 

(𝜖𝑡) while a compressive wave is reflected in the incident bar (𝜖𝑟).  The strains generated 

by the incident, reflected, and transmitted waves in the respective bars are measured by 

three different Wheatstone bridges labeled Gage A, Gage B, Gage C.  Each bridge 

consists of four Micro-Measurements ED-DY-075AM-10C 1000Ω strain gages and are 

powered by a 15.0V DC excitation voltage through two Hewlett-Packard 6200B power 

supplies.  The signal from each bridge is amplified by a Tektronix ADA435A Differential 

preamplifier with a 100kHz low pass filter and are measured using an 8 bit Tektronix 

TDS5034B oscilloscope sampling at 5MHz.  A fourth strain gage arrangement is located 

0.156m from Gage C and consists of 4 KSP-21K-E4 Kyowa 1000Ω semiconductor strain 

gages arranged in a half Wheatstone bridge.  This arrangement has a higher sensitivity 
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than the foil bridges used in Gages A-C and is used as a redundant force check in these 

experiments.   

The velocities at the end of each bar are denoted by 𝑢̇𝑖(𝑡) for the incident bar and 

𝑢̇𝑡(𝑡) for the transmitter bar and can be determined at any time 𝑡 by using 1-D wave 

propagation theory as follows: 

𝒖̇𝒊(𝒕) =
𝟏

𝝆𝒃𝑨𝒃𝒄𝒃
[𝑭𝑨 (𝒕 −

𝑳𝑨

𝒄𝒃
) + 𝑭𝑨 (𝒕 −

𝑳𝑨

𝒄𝒃
+

𝟐𝑳𝑩

𝒄𝒃
) − 𝑭𝑩 (𝒕 +

𝑳𝑩

𝒄𝒃
)]  (2-2) 

and 

𝒖̇𝒕(𝒕) =
𝟏

𝝆𝒃𝑨𝒃𝒄𝒃
[𝑭𝑪  (𝒕 −

𝑳𝑪

𝒄𝒃
)]   (2-3) 

Where 𝜌𝑏 is the density of the bars, 𝐴𝑏 is the cross-sectional area of the bars, and 𝑐𝑏 is 

the elastic wave speed of the bars. The forces measured by the strain gage bridges A, B 

and C are represented by 𝐹𝐴, 𝐹𝐵 and 𝐹𝐶 respectively. 𝐿𝐴 , 𝐿𝐵 , and 𝐿𝐶 are the measured 

distances from the bar ends to the stain gage bridges A, B, and C respectively.  Assuming 

the specimen undergoes homogeneous deformation the engineering strain rate 𝜖𝑒̇ can be 

determined from the bar velocities and the specimen’s original gage length, 𝐿𝑠, 

𝝐𝒆̇(𝒕) =
𝒖𝒊̇ (𝒕)−𝒖𝒕̇ (𝒕)

𝑳𝒔
   (2-4) 

The instantaneous engineering strain 𝜖𝑒(𝑡) can be found from the end displacements of 

each bar (𝑢𝑖(𝑡), 𝑢𝑡(𝑡)) or by integrating the strain rate history, 

𝝐𝒆(𝒕) =
𝒖𝒊(𝒕)−𝒖𝒕(𝒕)

𝑳𝒔
= ∫ 𝝐̇(𝒕)𝒅𝒕

𝒕

𝟎
   (2-5) 

Engineering stress 𝜎𝑒 in the specimen at time 𝑡 is expressed by 

𝝈𝒆(𝒕) =
𝑭𝑪

𝑨𝒔
(𝒕 +

𝑳𝑪

𝒄𝒃
)   (2-6) 
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where 𝐴𝑠 is the original cross section area of the specimen. 

 
Figure 2.3 Schematic of the Direct Tension Split-Hopkinson Bar [8] 

 

 
Figure 2.4 Overview of the Direct Tension Split-Hopkinson Bar Setup 

 

2.5 Direct Impact Split-Hopkinson Bar Procedure 

A direct impact split-Hopkinson bar is used to test tension specimens to failure 

strain rates of 6000 sˉ¹.  The tension bar design is similar to that of Ogawa [33] and uses a 

gas gun and striker tube to generate an elastic tensile wave.  A schematic of the apparatus 

Specimen LED Lamp 
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is presented in Figure 2.5.  In this apparatus, a hollow striker tube is propelled over the 

incident bar by a sabot and pressurized shop air stored in the tank of the gas gun. The 

pressure of the air used to propel the striker tube is proportional to the velocity of the tube 

and the strain rate of each test.  When the striker tube impacts the transfer flange attached 

to the end of the incident bar an elastic tensile wave is generated and propagates toward 

the specimen.  As the wave travels through the incident bar Gage A measures the incident 

wave (𝜖𝑖).  The portion of the wave that is transmitted through the specimen (𝜖𝑡) is 

measured by Gages B and C on the transmitter bar and the reflected wave measured in 

the incident bar (𝜖𝑟) is measured by Gage A. The amplitude of the initial elastic wave is 

proportional to the velocity of the striker and is determined by 

𝜖𝑖 =
𝑣

2𝑐𝑏
  (2-7) 

where 𝑣 is the velocity of the striker and 𝑐𝑏 is the elastic wave speed of the incident bar. 

The relative displacement 𝑢̇ and engineering strain rate 𝜖𝑒̇ are determined from 1-D wave 

theory: 

𝒖(𝒕)̇ = 𝟐𝒄𝒃𝝐𝒓(𝒕)  (2-8) 

𝝐̇𝒆(𝒕) =
𝒖(𝒕)̇

𝑳𝒔
  (2-9) 

where 𝐹𝐴 is the force of the reflected wave measured at Gage A, 𝐴𝐵 is the area of the bar, 

𝐸𝐵 is the elastic modulus of the bar, and 𝐿𝑠 is the original length of the gage section of 

the specimen.  Engineering stress 𝜎𝑒(𝑡) is calculated by:  

𝝈𝒆(𝒕) =
𝑭𝑩(𝒕)

𝑨𝒔
    (2-10) 
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where 𝐴𝑠 is the original cross section area of the specimen, 𝐹𝐵(𝑡) is the force measured 

by Gage B.  The test setup including the experimental apparatus is presented in Figure 

2.6.  The 15.875 mm diameter Ti-6Al-4V incident and transmitter bars are 3568 mm and 

1828 mm long respectively.  The striker tube with an inside diameter of 16.51 mm and 

outside diameter of 22.91 mm and a length of 609.6 mm generates an elastic strain pulse 

of 240.5 µs.  The foil strain gages at Gage A and Gage B and the semiconductor bridge at 

Gage C are identical to those used on the direct tension SHB.  The excitation voltages, 

power supplies, amplifiers and oscilloscope are also identical to those used in the direct 

tension SHB test.    

 
Figure 2.5 Direct Impact Split-Hopkinson Bar Schematic 

 

 
Figure 2.6 Overview of the Direct Impact Split-Hopkinson Bar Setup 

 

IR 

DIC 

Specimen 

Gas Gun 

LED Lamp 
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2.6 Digital Image Correlation 

  Digital Image Correlation (DIC) is a noncontact optical technique to measure the 

displacements and strains on the surface of a deforming test specimen.  A review of all 

relevant theory and practice of the DIC technique to experimental mechanics is provided 

by Sutton et al [34].  Two dimensional (2D) and three dimensional (3D) DIC techniques 

are used in the current work.  The displacements and strains for each relevant test are 

resolved using VIC-2D 6 and VIC-3D 7 distributed by Correlated Solutions [35]. 

 The basic concept of DIC involves tracking the deformation of a subset of nxn 

pixels through consecutive digital images during deformation.  Each subset is 

characterized by the grayscale values of the pixels in each subset.  A speckle pattern is 

applied to each specimen before the test to ensure a high contrast surface finish and 

distinct grayscale values within each subset.  In the present experiments a speckle pattern 

was applied using a white spray paint to apply a primer layer followed by a misting of 

black spray paint as shown in Figure 2.7.  The deformation points on the surface are 

determined by the step parameter which tells the software to place a subset center at 

every nth pixel.  The strain on the surface is determined using an algorithm in the DIC 

software and a strain tensor definition.  A logarithmic Hencky strain tensor is used in the 

experiments.  The strains are smoothed with a 90% center weighted gaussian filter over a 

user defined number of displacement data points determined by the size of the filter 

parameter.  The virtual strain gage length is calculated by the following equation: 

𝑽𝑺𝑮 =
𝒎𝒎

𝒑𝒊𝒙𝒆𝒍
× 𝑺𝒕𝒆𝒑 × 𝑭𝒊𝒍𝒕𝒆𝒓  (2-11) 
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where 
𝑚𝑚

𝑝𝑖𝑥𝑒𝑙
 is the physical length of each pixel in the image determined by the camera 

placement and lens type.  The virtual strain gage length is used in sizing the mesh for the 

numerical simulations and is important in comparing results.  The filter is adjusted 

between the different tests to keep the VSG between 0.295-0.335 mm.  In these tests the 

u,v,w, displacements and exx,exy,eyy strains are recorded for each pixel on the surface of 

the specimen and a 4 mm-EXT is used to describe the average strain seen by the gage 

section during the experiment.  The displacement of a single data point located at near the 

point of failure and maximum strain is also extracted for each test.  The location of these 

inspection elements on the DIC image is shown in Figure 2.7. 

 
Figure 2.7 Placement of 4 mm-Ext and Point at Failure (left) in Y mm before Deformation 

(right) before Failure for an Aluminum 2024-T351 test 

 

The 3D-DIC test setup for the low strain rate tests shown in Figure 2.2 utilizes 

two Photron MC2 cameras to record synchronized images at rates from 0.2-2000 frames 

per second (fps) at a pixel resolution of 512x512.  Schnieder 35 mm lenses are used with 

the cameras.  The cameras are placed 10-20 degrees from one another with nearly 
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identical focal lengths.  20-30 images are taken of a calibration grid of 81dots which 

equally spaced by a known distance to calibrate the cameras and determine a global 3D 

coordinate system.  Displacements are measured in the global 3D coordinate system then 

transformed to the 3D coordinates of each camera which are then projected to the sensor 

coordinate plane of each using 2 consecutive transformations.  On the sensor coordinate 

plane the deformations and strains are projected onto each individual pixel in the digital 

images from each camera.  

Table 2.6. Overview of the Visual Camera Parameters used for DIC in each Experiment 

 

 The high strain rate experiments utilize a Shimadzu HPV-X2 camera which operates at a 

constant 400x250 pixel resolution at frame rates from 200,000 to 1,000,000 fps to 

perform 2D-DIC.  A 200 mm Nikon lens is used with the camera.  2D-DIC can introduce 

errors due to localization of the specimen material and out of plane motion.  The error 

caused by these factors is estimated by the following equation[34]: 

∈ =
𝟏𝟎𝟎×(

𝒘

𝒛
)

𝝐𝒏𝒏
    (2-12) 

Where 𝑤 is the out of plane motion, 𝑧 is the distance from the camera and 𝜖𝑛𝑛 is the 

observed maximum uniaxial strain in the localization.  During the low rate experiments 

the maximum out of plane displacement measured with 3D-DIC was 0.155 mm and the 

maximum strain measured in the localization region during a high rate tension test was 

Strain Rate (sˉ¹) Camera Pixel Resolution Frame Rate (fps)

1 E-4 0.2

0.1 200

1 2,000

500 200,000

2000 625,000

6000 1,000,000

2 x Photron MC2 512x512

400x250Shimadzu HPV-X2
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measured as 0.475.  The distance from the camera to each high strain rate specimen is 

0.5-0.6 m resulting in a maximum 0.054-0.065% error in the strain measurement.  An 

overview of the frame rates used for each strain rate experiment is shown in Table 2.6. 

 

2.7 High Speed Infrared Camera Measurements 

The Telops FAST-IR infrared camera [36] used in the experiments records the 

flux of the photons emitted from the surface of each test specimen. Each individual pixel 

on the camera sensor has its own radiometric calibration which allows for automatic 

compensation of ambient temperature drift and instrument self-radiance while implicitly 

controlling the exposure times and frame rate.  The InSb sensor in the camera is sensitive 

to the 3-5 µm spectral range and consists of 320x256 pixels at a 30 µm pitch. The analog 

data collected by the camera sensor is digitized information in either photon counts, in-

band radiance values (
𝑊

𝑚2−𝑠𝑟
), or radiometric temperatures (º𝐶).  When making in-band 

radiance or radiometric calculations the computer software HYP-IR assumes that the 

target of the camera is a black body and its emissivity is 1.  However, the book values of 

emissivity for Ti-6Al-4V, Aluminum 2024, and Inconel 718 can range from 0.03 to 0.8 

depending on the level of polish or oxidation of the surface[37]–[39].  Because of this 

discrepancy, steps must be implemented to achieve accurate surface temperature 

measurements during each test.  In previous works researchers applied a coating such as 

paint or soot to the surface to increase the emissivity and insure a uniform finish [14], 

[15], [22].  However, during high strain rate tests the added surface layer acts as an 

inhibitor to heat transfer and provides artificially low temperature readings.   To calibrate 
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the samples used in these experiments thermocouples are attached to the surface of a 

sample of each material while the temperature is increased incrementally using a hot 

plate as shown in Figure 2.8. 

 
Figure 2.8 Hot Plate Calibration Setup 

 

Raising the temperature in increments allows the temperature across the specimen 

to become uniform and provide accurate average in-band radiance values.  Deformed 

specimens are known to have an increase in emissivity due to an increase in surface 

roughness [14]. However, in these calibrations the maximum temperature difference 

between the deformed gage section and a point in the transition zone between the tab and 

gage section is only 2.25% at a maximum temperature of 200ºC. The resulting 

temperatures along the centerline of a sample during a normal calibration is shown in 

Figure 2.9.  

IR Cam 

Hot Plate 

Thermocouples 

Cooling System 
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Figure 2.9 (left) Location of Centerline in Infrared Image (right) Temperature Along 

Centerline during Calibration 

 

A blackout curtain is placed over the setup to reduce noise caused by outside 

sources of radiation.  The surface of the hot plate surrounding the specimen is covered in 

wrinkled aluminum foil that reduces noise by reflecting ~99.97% of incident radiation 

and emitting ~0.03% of the radiation due to an increase in temperature.  The infrared 

camera records the in-band radiance values of the entire gage section surface and is 

operated using the same parameters as the tension tests listed in Table 2.8.    Average 

values over several pixels in the gage section are used to create a best fit power law 

calibration curve.  The equation of each curve is given in equation 2-11.  Using this curve 

the measured in-band radiance values can be converted into surface temperatures for each 

test. The calibration curves produced by the calibration method are shown in Figure 2.10-

Figure 2.12 along with the raw calibration data. 



26 

 

 
Figure 2.10 In-Band Radiance to Temperature Calibration Curve for Aluminum 2024 

 

 
Figure 2.11 In-Band Radiance to Temperature Calibration Curve for Ti-6Al-4V 
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Figure 2.12 In-Band Radiance to Temperature Calibration Curve for Aluminum 2024 

 

𝑻 = 𝒂 ∗ 𝑰𝑩𝑹𝒃 + 𝒄  (2-11) 

 
Table 2.7 Coefficients for Calibration Curves for Each Material 

 

In-band radiance values are measured on the surface of each specimen during the tension 

tests using the same Telops FAST-IR camera.  The camera is placed 0.12 to 0.5 m from 

the specimen in each test.  The IR camera records images at the same frame rate as the 

visual cameras in the low rate tests and at a frame rate that is a multiple of the visual 

cameras during the higher strain rate tests.  To increase the frame rate of the camera for 

the higher rate tests the resolution of the image and the exposure time of the camera must 

a b c

Aluminum 2024-T351 -246.5 -0.2572 239.4

Ti-6Al-4V 223.3 0.139 -0.2165

Inconel 718 246.2 0.135 -239.5

Material
Fit Coefficients
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be greatly reduced.  Reducing the resolution increases the average temperature 

measurement area for each individual infrared sensor pixel and increases the number of 

DIC measurements contained within each infrared pixel measurement.   Shorter exposure 

times lead to noisier data at temperatures closer to room temperature while longer 

exposure times can oversaturate the sensor during the measurement period resulting in 

tests where the maximum temperature cannot be recorded.    The frame rates, resolutions, 

and exposure times used in each test are reported in Table 2.8.  

 

Table 2.8 Infrared Camera Optics for Each Strain Rate Test 

 

 

2.8 Measurement Synchronization Techniques 

 

To evaluate the 𝛽𝑖𝑛𝑡 of each material the DIC and IR camera measurements must 

be synced with the force data from the MTS load frame and split-Hopkinson bars.  

Accurate results depend on successfully integrating the simultaneous force measurements 

from the loading devices with the DIC strain measurements and IR temperature 

measurements.  Special consideration has been taken to resolve several issues in aligning 

both the temporal and spatial coordinates of all measurements.   

 In each tension test the measurements are synchronized by triggering both 

cameras with a signal originating from the moment when loading is initiated.  In the low 

Strain Rate (sˉ¹) Pixel Resolution Exposure Time (µs) Frame Rate (fps)

1 E-4 50-100 0.2

0.1 20-50 200

1 10 2,000

500 64x20 10 20,000

2000 64x16 5 62,500

6000 64x4 5 90,000

256x256
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strain rate tests (1E-4 to 1 sˉ¹)  the MTS controller runs a program that sends a 3.0V 

digital step  output to a dual-channel Keysight 33,500 series waveform generator 0.05 

seconds before the ramp displacement program is initiated.  After receiving the digital 

output the waveform generator sends two 0.2-2000 Hz, 5.0 Vpp Square wave and 3.3 

Vpp square wave signals to initiate image capture in both the DIC system andIR camera 

respectively.  An output pulse is generated by each camera that indicates the exposure of 

each individual image and the length of the pulse designates the exposure time.  The 

digital output from the frame, the trigger pulses to the IR camera, and the output exposure 

pulses from each of the cameras are recorded on an image sync oscilloscope to 

synchronize the cameras and load frame on a co mmon time base.  A schematic of the 

timing structure is shown in Figure 2.13.   

 

Figure 2.13 Visual Representation of the Loading Sequence and Output Timing Signals for 

the Low Strain Rate Tests 
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The signals collected on the image sync oscilloscope from the first 1.8 ms of a 1 

sˉ¹ strain rate test on aluminum 2024-T351 are shown in Figure 2.14.  At time 0, the 

digital output from the load frame initiates an IR trigger from the waveform generator 

and an IR exposure pulse from the IR camera lasting 80 µs.  During each IR exposure the 

active pixels on the IR sensor collect photons emanating from the surface of the specimen 

and the software records an average in-band radiance value for each pixel over that 

period. To account for this phenomenon, the time stamp given to each IR image is the 

midpoint of its exposure.  Due to the shorter exposure time of the visual cameras, the DIC 

time stamps are given to the initial rise of the DIC exposure signal.  The shared time 

stamps determined from the exposure signals for both the IR and DIC images are shown 

in Figure 2.14. 

 

Figure 2.14 Timing Signals Collected on the Image Sync Oscilloscope during a 1 sˉ¹ Strain 

Rate Test on Aluminum 2024-T351 
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Figure 2.15 overlays the load frame LVDT stroke measurement from the load frame with 

the exposure signals from the image sync oscilloscope during the first 100ms of the 

tension test.  The stroke and load for each of the IR and DIC images is found by 

interpolating the data from the load frame at the previously determined time stamps.  

Typical synchronized data of the load and the temperature and failure strain measured at 

a failure point is shown in Figure 2.16.  Each dot in the graph represents 20 data points 

synchronized in time.   

 

Figure 2.15 Signals from the Timing Oscilloscope and Load Frame on a Shared Time Base 
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Figure 2.16  Combined Load, Temperature, and Strain Data from a 1 sˉ¹ Strain Rate test on 

Aluminum 2024-T351 

 

In high rate tension tests (500-6000 sˉ¹) the oscilloscope recording the force in the 

strain gages on the SHB is triggered when the force in Gage A reaches 100N.  When the 

oscilloscope is triggered the voltage outputs from each Wheatstone bridges on the bar are 

recorded and an output signal is sent to the waveform generator.  The waveform 

generator then sends trigger signals to both the IR camera and Shimadzu HPV-X2 to 

initiate recording.  The outputs from the cameras and waveform generator collected on 

the image sync oscilloscope are the same as in the low rate tests.  The Shimadzu HPV-X2 

has a limited memory and can only take 128 images for a single recording event so the 

image capture is delayed by 350µs, insuring the tensile wave has reached the specimen.  

Because the cameras are aligned in space with the specimen, the tensile waves measured 

by the gages in the transmitted bar can be shifted to match the strain and temperature 

measurements from the cameras by the time shift parameter tc, where  𝑡𝑐 =
𝐿𝐶

𝑐𝑏
 (2-11), Lc 
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is the distance from the specimen to gage on the transmitted bar and cb is the wave speed 

of the bar. Once shifted in time, the images from each camera align with the measured 

force in both gages of the transmitted bar as shown in Figure 2.17.  The time stamps for 

the IR and DIC cameras are determined in the same manner as the low strain rate tests.  

However, in the higher strain rate tests the IR camera has a significantly lower frame rate 

than the DIC camera and an exposure that comprises several individual DIC images.  A 

typical timing sequence of the DIC and IR images is shown in Figure 2.18.  To account 

for the discrepancy in time between the IR time stamps and the DIC time stamps, the 

synchronized DIC and IR measurements are taken at the DIC image closest to the 

midpoint of each IR exposure.  The result of this synchronization is shown in Figure 2.19.  

 
Figure 2.17  Resulting Transmitted Waves with Infrared and DIC Exposures after Time 

Synchronization 
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Figure 2.18 Characteristic Timing Sequence for Infrared and DIC Measurements During a 

2000 sˉ¹ Strain Rate Test on Aluminum 2024-T351 

 

 

 
Figure 2.19 Combined Load, Temperature, and Strain Data from a 2000 sˉ¹ Strain Rate 

Test on Aluminum 2024-T351 
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To determine the  𝛽𝑖𝑛𝑡 at each DIC data point on the surface of the specimen, the 

temperature, true plastic strain, and true plastic stress of the specimen at that point in 

space must be known.  During each test the DIC cameras are placed on one side of the 

tension specimen and the IR camera is placed on the opposite side as shown in Figure 

2.2, Figure 2.4, and Figure 2.6.  The IR camera is slightly offset from perpendicular to the 

specimen because the sensor of the IR camera is kept at -191.41ºC and the camera can 

“see” the temperature of the sensor due to irradiance on the specimen.  It is assumed that 

the temperature and deformation through the thickness of the specimen are uniform due 

to the thin geometry of each sample.  The temperature and deformation fields calculated 

from the IR and DIC measurements are aligned by recording both visible and infrared 

images of a glass DIC alignment grid as shown in Figure 2.20.  The resulting images after 

rotating the IR image 180º are shown in Figure 2.21.  In each image the center of the 

calibration circles are determined using a Hough transform in MATLAB.  The 

coordinates of the IR calibration circle centers are then transformed using a 2D projective 

transformation to map the IR image on the DIC image. Because the resolutions of the 

images are different the transform matrix scales, skews, rotates and translates the IR 

coordinates to match the DIC coordinates.  The result of the transformation along with 

the transformed IR coordinates are shown in Figure 2.22.    
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Figure 2.20 Image Capture for Alignment Procedure of DIC and Infrared Measurements  

 

 
Figure 2.21 IR and DIC Images Captured during Alignment Procedure 

 

  
Figure 2.22 Overlay of the IR Image and Coordinates on the DIC Image following the 

Projective Transformation Procedure 
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The DIC measurements determined at each individual pixel of the DIC image are 

tracked throughout each tension test using Lagrangian coordinates while the IR 

temperature measurements are fixed in space using Eulerian coordinates.  As each 

tension test is carried out the individual DIC measurements pass through multiple IR 

pixels as shown in Figure 2.23.  The temperature at each of these DIC measurement 

points is then determined using a 2D interpolation for the synchronized DIC and IR 

images and is completed in MATLAB. 

 

 
Figure 2.23 Overlay of IR Pixel Grid on DIC Measurement Locations for a Typical Tension 

Test 

 

The strain measured with DIC at each point is the axial Hencky strain which is 

considered as the true strain at each point.  The true strain is converted to equivalent axial 

engineering strain by equation 2-13: 

𝜖𝑒 = exp(𝜖𝐻) − 1  (2-13) 

where 𝜖𝐻 is the axial Hencky strain. 

The true stress is determined at each DIC point by the following: 

𝜎𝑡 = 𝜎𝑒(1 + 𝜖𝑒) (2-14) 
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where 𝜎𝑒 is the engineering stress determined in equations 2-1, 2-6, and 2-10, and 𝜖𝑒 is 

the engineering strain at each point. The true plastic strain at each individual point is 

determined by subtracting the elastic strain (𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐) from the total engineering strain and 

converting back to true strain as shown in equation 2-15.  

𝜖𝑝 = ln (1 + (𝜖𝑒 − 𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐))  (2-15) 

 The elastic strain is determined for each material using the 2% offset method as show in 

Figure 2.24. 

 

Figure 2.24 2% Offset Method for Determining Yield Stress in Aluminum 2024-T351 

 

The 𝛽𝑖𝑛𝑡(𝑡) is calculated using the temperature 𝑇(𝑡), true plastic stress 𝜎𝑡(𝑡), and true 

plastic strain 𝜖𝑝(𝑡) determined for each DIC measurement point in time by the following 

equation:  

𝛽𝑖𝑛𝑡(𝑡) =
𝜌𝑐𝑝(𝑇(𝑡)−𝑇0)

∫ 𝜎𝑡(𝑡)𝜖𝑝(𝑡)
𝑡

0

 (2-16)
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Chapter 3 Measurement of the Taylor-Quinney Coefficient 

Experimental Results 

3.1 Experimental Results from Ti-6Al-4V 

Representative experimental data from the tension experiments on Ti-6Al-4V is 

shown in Figure 3.1.  The yield stress increases from approximately 900MPa at the 

lowest strain rate to 1350MPa at a strain rate of 6000 sˉ¹.  The flow stress increases with 

increasing strain rate while the failure strains decrease from 19% to 16-17% for strain 

rates above 1 sˉ¹.  Strain hardening behavior is more evident in the tests at and below a 

strain rate of 1 sˉ¹ when compared to the higher strain rate tests.  

 
Figure 3.1 Stress vs. Strain Data from Tension Tests on Ti-6Al-4V at Various Strain Rates 
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The histories of the Hencky strain and temperature for the point of maximum 

strain at failure with the average axial strain are shown in Figure 3.2 (a)-(f),  In each test 

the strain at the failure point rises at the same rate of the extensometer strain until a strain 

of 0.03-0.05 is reached and necking occurs.  The measured temperature change in each 

test is close to 0 before necking is initiated.  Significant changes in temperature are 

measured in each test above a strain rate of 1E-4 sˉ¹ where the test is nearly isothermal.  

For tests at strain rates of 500-6000 sˉ¹ the time stamps where simultaneous temperature 

and deformation measurements were recorded are designated by a red dot in the 

temperature curve.  In each test the maximum strain measured at the point of failure was 

2-3x’s the strain measured by the extensometer across the gage section of the specimen. 
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Figure 3.2. Strain and Temperature History for the Failure Point during Tension Tests of 

Ti-6Al-4V at Strain Rates of (a) 1E-4 sˉ¹ (b) 0.1 sˉ¹ (c) 1 sˉ¹ (d) 500 sˉ¹ (e) 2000 sˉ¹ (f) 6000  

 sˉ¹ 
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Figure 3.3 displays the temperature versus Hencky strain the data point located at 

the point of failure during each tension test.  The curves presented represent the 

maximum temperature change and strain that could be measured simultaneously, thus the 

localized strains measured at the higher strain rates are underrepresented due to the 

limitations of the infrared camera speed.  At a nominal strain of 0.3 the change in 

temperature increased from 0 at a strain rate of 1E-4 sˉ¹ to 155ºC at a stra in rate of 6000 

sˉ¹.  The change in strain rate shows the change in the thermodynamic conditions from 

isothermal at a strain rate of 1E-4 sˉ¹ to nearly adiabatic in strain rates at 1 sˉ¹ and above. 

 

Figure 3.3. Change in Temperature versus Local Axial Hencky Strain for the Data Points 

Located at the Point of Failure for each Strain Rate Test 
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Full-field measurements of the plastic strain, temperature, and Taylor-Quinney 

coefficient are displayed for a tension test at a strain rate of 1 sˉ¹ in Figure 3.4.  Images 

from 42-57ms of the test show that plastic strain levels below 0.03 and below lead to very 

small changes in temperature and a small Taylor-Quinney coefficient.  As the necking 

region begins to develop from 74.5-160.2ms a band of constant β is measured as 0.5-0.6 

in the same region.  During this time the plastic strain measured outside the necking 

region remains at 0.05-0.1, however, the temperature continues rise due to the conduction  

of heat away from the localization region.  This rise in temperature without 

cooresponding plastic work leads to an artifical β being measured as 0.7-0.9 outside the 

localization. 

 
Figure 3.4. Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

a Ti-6Al-4V Tension Test at 1 sˉ¹ 
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Figure 3.5. (a) Average Taylor-Quinney Coefficient of Cross-Sectional Lines on Gage 

Section (b) Location of Cross-Sectional Lines at Failure  

 

The average Taylor-Quinney coefficient calculated from multiple data points 

across the gage section of the specimen are shown in Figure 3.5. The lines located nearest 

the strain localization each have maximum strains between 0.25-0.35 and an average β 

between 0.6-0.65. Lines located between 0.65 to 2.9 mm away from the maximum 

localization strain each have a β that increase from 0.6 up to 0.95 due to the heat 

conduction away from the localization.  The influence of the heat conduction can also be 

seen in Figure 3.6 and Figure 3.7.  In Figure 3.6 the temperature increases along the 

entire gage length during the entire test although the plastic strain outside of the 

localization region stopped increasing after 160.5ms of the test.  In Figure 3.7  the β 

remains relatively constant in localization region from -1.25 mm to -0.5 mm over the test 

period from 127ms to 176ms but is increasing outside of this region.  These results show 

that the 1 sˉ¹ test is not adiabatic and thus the conditions for equation 1.1 are not satisfied.  

However, the material models we are developing can use an “effective β” which will 

determine the temperature rise in the material at different strain rates assuming the tests 

(a) (b) 
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are adiabatic.  This will allow for the maximum temperatures to be recreated in the 

material which are important for determining failure caused by thermal softening at high 

strain rates. 

 
Figure 3.6. Temperature and Plastic Strain along the Gage Section for a Ti-6Al-4V Tension 

Test at 1 sˉ¹ 

 

 
Figure 3.7. Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for a Ti-6Al-4V Tension Test at 1 sˉ¹ 

 

The effective β is measured in Figure 3.8 as an average of the lines of data across 

the gage section only in the localization region.  A single moving average is then 
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calculated using these points in Figure 3.9.  The β increases from 0 to 0.6 for a plastic 

strain of 0 to 0.1 and then remains constant near a value of 0.6 up to a plastic strain of 

0.35. 

 
Figure 3.8. Calculation of the Taylor-Quinney Coefficient for each Line of Data in the 

Localization Region for a Ti-6Al-4V Tension Test at 1 sˉ¹ 

 

 
Figure 3.9 Calculation of the Moving Average for each Line of Data in the Localization 

Region for a Ti-6Al-4V Tension Test at 1 sˉ¹ 
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Images of the full-field Taylor-Quinney coefficient, plastic strain, and 

temperature measurements for the tension tests at 500, 2000, and 6000 sˉ¹ are displayed 

in Figure 3.10-Figure 3.12.  The dependence of the β on plastic strain is shown in each of 

the figures as β increases from 0.3-0.6 as the plastic strain increases from 0.05-0.1 across 

the entire gage section.  In these tests the temperatures increase only with a 

corresponding increase in plastic strain and it can be assumed these tests are nearly 

adiabatic.   

 
Figure 3.10 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

a Ti-6Al-4V Tension Test at 500 sˉ¹ 
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Figure 3.11 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

a Ti-6Al-4V Tension Test at 2000 sˉ¹ 

 

 
Figure 3.12. Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

a Ti-6Al-4V Tension Test at 6000 sˉ¹ 

 

 The temperature and plastic strain along the centerline of the gage section for 

each high strain rate test is shown in Figure 3.13-Figure 3.15.  In the 500 and 2000 sˉ¹ 

strain rate tests the localization region is identified by strains that increase over 0.05 and a 
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change in temperature over 20ºC.  In the 6000 sˉ¹ test the localization region is identified 

by a plastic strain increase over 0.1 and temperature increase over 40ºC.   

 
Figure 3.13.Temperature and Plastic Strain along the Gage Section for a Ti-6Al-4V Tension 

Test at 500 sˉ¹ 

 

 
Figure 3.14 Temperature and Plastic Strain along the Gage Section for a Ti-6Al-4V Tension 

Test at 2000 sˉ¹ 
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Figure 3.15 Temperature and Plastic Strain along the Gage Section for a Strain Rate of 

6000 sˉ¹ 

 

In Figure 3.16-Figure 3.18 the β calculated along the centerline in the left image is 

the proportion of the strain energy to the thermal energy shown in the right image.  Line 

types of each plot designate the time stamps of the infrared measurements in Figure 3.2 

(d-f).  The β remained below 0.8 for each test except in regions where the plastic 

deformation and temperature measurements were small and easily influenced by noise in 

the data.   
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Figure 3.16 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for a Ti-6Al-4V Tension Test at 500 sˉ¹ 

 

 
Figure 3.17 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for a Ti-6Al-4V Tension Test at 2000 sˉ¹ 
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Figure 3.18 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for a Ti-6Al-4V Tension Test at 6000 sˉ¹ 

  

 The moving average of the β versus plastic strain for the average lines across the 

localization region for each of the high rate tension tests is shown in Figure 3.19.  The 

spread in the data at the strain rates of 2000 and 6000 sˉ¹ is greater than that of the 500 sˉ¹ 

due to the reduction in the number of available temperature data points.  The comparison 

of the β moving averages for each strain rate test are displayed in Figure 3.20.  The initial 

slope of the 1.0 sˉ¹ and 0.1 sˉ¹ test is comparable up to a plastic strain of 0.025 and a β of 

0.425. Past this point the conduction affects the 0.1 strain rate test and the β decreases 

from 0.45 to 0.35 over the strains of 0.05 to 0.35.  At 0.1 plastic strain the strain rate tests 

of 1 and above have β values that all lie between 0.5-0.6.  These tests remain relatively 

constant up to local plastic strains of 0.25-0.35 except for the 6000 sˉ¹ test in which β 

increases to 0.7-0.8 between local plastic strains of 0.2-0.25.  The differences in the slope 

of β in strains between 0-0.1 for the MTS tests versus the SHB tests is mainly due to the 

lack of available temperature data during the shorter SHB tests. 
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Figure 3.19 Moving Average of Taylor-Quinney Coefficient vs. Plastic Strain for Tension 

Tests of Ti-6Al-4V at Strain Rates of (a) 500 sˉ¹, (b) 2000 sˉ¹, and (c)6000 sˉ¹ 

 
Figure 3.20. Moving Average of β vs. Plastic Strain for each Ti-6Al-4V Tension Test 
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The average thermal energy densities are plotted against the strain energy densities for 

each of the lines located in the localization regions in Figure 3.21.  The linear slopes of 

these data points are calculated and presented in Table 3.1.  The average β values will be 

used as the values of β in the LS-DYNA material model. 

 
Figure 3.21. Thermal Energy Density Comparison with Strain Energy Density to Calculate 

Average β Values for Ti-6Al-4V 

 
Table 3.1. Average Taylor-Quinney Coefficients for Ti-6Al-4V based on Energy Density 

Comparisons 

Strain Rate ( sˉ¹) 
Average β from 

Slope 

0.1 0.396 

1 0.621 

500 0.675 

2000 0.659 

6000 0.784 
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3.2 Experimental Results from Aluminum 2024-T351 Tension Tests 

Representative true stress versus true strain for the Aluminum 2024-T351 tension 

tests at various strain rates are presented in Figure 3.22.  The representative data shows 

that the material is nearly strain rate insensitive at all strain rates. 

 
Figure 3.22 True Stress vs. True Strain Data from Aluminum 2024-T351 Tension Tests at 

Various Strain Rates 

 

The change in temperature and Hencky strain measured at the point of failure for a 

representative tension test at each strain rate is shown in Figure 3.23.  The displayed data 

points are from time stamps where the infrared and strain measurements were 

synchronized.  The rate of temperature change in the SHB tests is comparable across the 

measured Hencky Strain values. The 1 sˉ¹ has a similar behavior to the SHB tests up to a 
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strain of 0.15 before it diverges due to non-adiabatic behavior.  The 1E-4 sˉ¹ test exhibits 

isothermal properties.   

 
Figure 3.23 Change in Temperature versus Local Axial Hencky Strain at the Point of 

Failure for each Al2024-T351 Tension Test 

 

Strain history of a 4 mm extensometer across the gage section is plotted with the 

strain and temperature history of the failure point in Figure 3.24.  A change in 

temperature is first measured at approximately a strain of 0.03 in each non-isothermal 

strain rate test.  The localized strain of the failure point aligns with the strain measured by 

the 4 mm extensometer up to a strain of 0.15 where necking occurs.  In the 6000 sˉ¹ test 

necking does not occur until a strain of 0.25.  The rate of the change in temperature 

increases for each test once necking is initiated.   
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Figure 3.24 Strain and Temperature History for the Failure Point during Tension Tests of 

Aluminum 2024-T351 at Strain Rates of (a) 1E-4 sˉ¹ (b) 0.1 sˉ¹ (c) 1 sˉ¹ (d) 500 sˉ¹ (e) 2000 sˉ¹ 

(f) 6000 sˉ¹ 
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Full-field images of β, temperature, and plastic strain are displayed for the strain 

rates of 1 sˉ¹ to 6000 sˉ¹ in Figure 3.25Figure 3.28.  The Taylor-Quinney coefficient for 

the 1 sˉ¹ test remains constant across the entirety of the gage section between 0.35-0.45 

once a plastic strain >0.05 is developed.  In the SHB tests the β remains constant across 

the gage section until a localized region of plastic strain >0.2 is initiated.  This localized 

region causes a larger rise in temperature than the 1 sˉ¹ test and results in a β between 

0.55-0.65. 

 

 
Figure 3.25 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Aluminum 2024-T351 Tension Test at 1 sˉ¹ 
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Figure 3.26 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Aluminum 2024-T351 Tension Test at 500 sˉ¹ 
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Figure 3.27 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Aluminum 2024-T351 Tension Test at 2000 sˉ¹ 

 

 
Figure 3.28 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Aluminum 2024-T351 Tension Test at 6000 sˉ¹ 

 

Measurements of plastic strain and temperature along the centerline of each strain 

rate test are shown in Figure 3.29Figure 3.32.  In Figure 3.29 the non-adiabatic conditions 



61 

 

of the 1 sˉ¹ test are evident as the temperature increases as the strain remains constant in 

regions outside the localization.  The localization region in these experiments are not as 

pronounced as in Ti-6Al-4V and Inconel 718.  When a maximum strain of 0.15 is 

reached in each strain rate the difference between the center point and the edges of the 4 

mm region centered at the localization is 0.05.  At the final synchronized measurements 

temperature and strain values in the 4 mm gage region reach approximately 50% of the 

maximum values of temperature and strain. 

 
Figure 3.29 Temperature and Plastic Strain along the Gage Section for an Aluminum 2024-

T351 Tension Test at 1 sˉ¹ 
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Figure 3.30 Temperature and Plastic Strain along the Gage Section for an Aluminum 2024-

T351 Tension Test at 500 sˉ¹ 

 

 
Figure 3.31 Temperature and Plastic Strain along the Gage Section for an Aluminum 2024-

T351 Tension Test at 2000 sˉ¹ 
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Figure 3.32 Temperature and Plastic Strain along the Gage Section for an Aluminum 2024-

T351 Tension Test at 6000 sˉ¹ 

 

The β and corresponding energy density measurements along the same centerline are 

displayed in Figure 3.33-Figure 3.36.  The non-adiabatic behavior of the 1 sˉ¹ test is 

shown by the increasing β outside the localization while the β remains constant with 

increasing strain and temperature at the center of localization.  In each of the SHB tests β 

increases with increasing strain energy and therefore increasing strain.  Areas with the 

highest strains in Figure 3.30-Figure 3.32 have the highest β s in corresponding Figure 

3.34-Figure 3.36. 
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Figure 3.33 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Aluminum 2024-T351 Tension Test at 1 sˉ¹ 

 

 
Figure 3.34 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Aluminum 2024-T351 Tension Test at 500 sˉ¹ 
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Figure 3.35 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Aluminum 2024-T351 Tension Test at 2000 sˉ¹ 

 

 
Figure 3.36 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Aluminum 2024-T351 Tension Test at 6000 sˉ¹ 

 

The average Taylor-Quinney coefficient versus local plastic strain for the points 

located in the localization region of each Aluminum 2024-T351 tension test at various 

strain rates is shown in Figure 3.37.  At a strain rate of 0.1 sˉ¹ the β increased from 0 to 

0.15 as the strain increases from 0-0.05. Then β steadily decreases to 0.1 at a plastic strain 
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of 0.3.  In the 1 sˉ¹ test β increases from 0 to 0.3 as the plastic strain increases from 0 to 

0.1 and remains constant at 0.3 up to a plastic strain of 0.3.  The trend for the tests from 

500 to 6000 sˉ¹ is nearly identical.  The β increases from 0 to 0.3 as the plastic strain 

increases from 0 to 0.05 then steadily increases from 0.3 to 0.5 as the plastic strain 

increases from 0.1 to 0.3.  The increase of β with increasing strain is likely due to the 

inability of the material to store energy as plastic work as the strain increases so the extra 

energy is released as heat.  

 

 

 
Figure 3.37 Taylor-Quinney Coefficient versus Local Axial Plastic Strain for the 

Localization Region of Aluminum 2024-T351 Tension Tests at Various Strain Rates 

 

The average thermal energy densities are plotted against the strain energy 

densities for each of the data points in the localization regions in Figure 3.38.  The linear 
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slopes of these data points are calculated and presented in Table 3.2.  The average β 

values will be used as the values in the LS-DYNA material model.  The differences in β 

in Figure 3.37 can also be seen in Figure 3.38 as the slopes of the SHB tests have similar 

values while the slopes of the MTS tests are lower. 

 

 
Figure 3.38 Thermal Energy Density Comparison with Strain Energy Density to Calculate 

Average β Values for Aluminum 2024-T351 

 
 

Table 3.2 . Average Taylor-Quinney Coefficients for Aluminum 2024-T351 based on Energy 

Density Comparisons 

Strain Rate ( sˉ¹) 
Average β from 

Slope 

0.1 0.114 

1 0.331 

500 0.533 

2000 0.526 

6000 0.485 
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3.3 Experimental Results from Inconel 718 

Respresentative true stress versurs true strain data for the tension tests of Inconel 

718 at various strain rates is shown in Figure 3.39.  The yield point for the 1E-4 sˉ¹ to 1 

sˉ¹ tests is ~1100 MPa with a slight increase in yield stress for the tests at 500-6000 sˉ¹.  

The material exhibits significat strain hardening with an increase of approximately 600 

MPa between yield and ultimate stress for each striain rate.  The type of strain hardening 

may be changing between the strain rates as the slope of the flow stress is different 

between the 1.0E-4 and 0.1 sˉ¹ strain rate curves and the 1.0 sˉ¹ curve. The 500-6000 sˉ¹ 

curves shown here are cut in the transverse direction as opposed to the tests at lower 

strain rates which are cut in the rolling direction. The results from the transverse tests 

show similar behavior to those conducted by [9].  The directionality of the test is not 

expected to affect the calculation of the Taylor-Quinney coefficient.  

 

 
Figure 3.39 True Stress vs. True Strain Data from Tension Tests on Inconel 718 at Various 

Strain Rates 
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The change in temperature versus the local axial Hencky strain for the failure 

point at each strain rate is shown in Figure 3.40.  The rate of change in temperature is 

similar for the tests at strain rates from 1-6000 sˉ¹.  At a local Hencky strain of 0.35 the 

temperature for all 4 strain rates is between 105-110ºC.  The 0.1 sˉ¹ test again shows non-

adiabatic effects due to the timescale of the test and the 1E-4 sˉ¹ test is nearly isothermal. 

 
Figure 3.40 Change in Temperature versus Local Axial Hencky Strain for the Data Points 

Located at the Point of Failure for each Strain Rate Test 

 

The strain history of the 4 mm extensometer across the gage section is plotted 

with the strain and temperature history of the failure point in Figure 3.41.  In the 0.1 and 

1.0 sˉ¹ tests the necking is initiated at a strain of 0.15.  In the remaining tests the necking 

occurs at a strain of 0.2-0.225 and could explain the differences in strain hardening 

behavior.  The rate of the change in temperature increases for each test once necking is 

initiated.   
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Figure 3.41 Strain and Temperature History for the Failure Point during Tension Tests of 

Inconel 718 at Strain Rates of (a) 1E-4 sˉ¹ (b) 0.1 sˉ¹ (c) 1 sˉ¹ (d) 500 sˉ¹ (e) 2000 sˉ¹        (f) 

6000 sˉ¹ 
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Figure 3.42-Figure 3.45 display full-field images of the Taylor-Quinney 

coefficient, plastic strain, and temperature measurements for the Inconel 718 tests at 

strain rates from 1-6000 sˉ¹.  In the 1 sˉ¹ test non-adiabatic behavior can be seen as β 

increases in the region outside the localized strain and temperature due to the conduction 

of heat from the localization.  In the strain rate tests from 500-6000 sˉ¹ the β remains 

constant across the entire length of the gage once a strain of 0.125 is reached within the 

gage section. 

 
Figure 3.42 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Inconel Tension Test at 1 sˉ¹ 
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Figure 3.43 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Inconel Tension Test at 500 sˉ¹ 
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Figure 3.44 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Inconel Tension Test at 2000 sˉ¹ 

 

 
Figure 3.45 Full-Field Taylor-Quinney, Plastic Strain, and Temperature Measurements for 

an Inconel Tension Test at 6000 sˉ¹ 

 

 Measurements of plastic strain and temperature along the centerline of 

each strain rate test are shown in Figure 3.46-Figure 3.50.  In Figure 3.47 the non-

adiabatic conditions of the 1 sˉ¹ test are evident as the temperature increases as the strain 
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remains constant in regions outside the localization.  The localization region in these 

experiments are not as pronounced as in other metals.  When a maximum strain of 0.15 is 

reached in each strain rate the difference between the center point and the edges of the 4 

mm region centered at the localization is 0.05.  In the 2000 and 6000 sˉ¹ tests the final 

synchronized measurements temperature and strain values in the 4 mm gage region reach 

approximately 50% of the maximum values of temperature and strain measured at the 

failure point in Figure 3.41. 

 

Figure 3.46 Temperature and Plastic Strain along the Gage Section for an Inconel 718 

Tension Test at 0.1 sˉ¹ 
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Figure 3.47 Temperature and Plastic Strain along the Gage Section for an Inconel 718 

Tension Test at 1 sˉ¹ 

 
Figure 3.48 Temperature and Plastic Strain along the Gage Section for an Inconel 718 

Tension Test at 500 sˉ¹ 
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Figure 3.49 Temperature and Plastic Strain along the Gage Section for an Inconel 718 

Tension Test at 2000 sˉ¹ 

 
Figure 3.50 Temperature and Plastic Strain along the Gage Section for an Inconel 718 

Tension Test at 6000 sˉ¹ 

 

The β and corresponding energy density measurements along the same centerline are 

displayed in Figure 3.51Figure 3.55.  The non-adiabatic behavior of the 0.1 and 1 sˉ¹ tests 

is shown by the increasing β outside the localization while the β remains constant with 

increasing strain and temperature at the center of localization.  In each of the SHB tests 
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the β increases with increasing strain energy and therefore increasing strain.  Areas with 

the highest strains in Figure 3.46-Figure 3.50 have the highest β s in corresponding 

Figure 3.51-Figure 3.55. 

 

 
Figure 3.51 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Inconel 718 Tension Test at 0.1 sˉ¹ 

 

 
Figure 3.52 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Inconel 718 Tension Test at 1 sˉ¹ 
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Figure 3.53 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Inconel 718 Tension Test at 500 sˉ¹ 

 

 
Figure 3.54 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Inconel 718 Tension Test at 2000 sˉ¹ 
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Figure 3.55 Taylor-Quinney Coefficient and Energy Density Comparison along the Gage 

Section for an Inconel 718 Tension Test at 6000 sˉ¹ 

 

The average Taylor-Quinney coefficient versus local plastic strain for the points 

located in the localization region of each Inconel 718 tension test at various strain rates is 

shown in Figure 3.56.  At a strain rate of 0.1 sˉ¹ the β increases from 0 to 0.45 as the 

strain increases from 0 to 0.05.  Then β steadily decreases to 0.35 at a plastic strain of 0.4.  

In the 1 sˉ¹ test the β increases from 0 to 0.6 as the plastic strain increases from 0 to 0.1 

and remains constant at 0.65 up to a plastic strain of 0.475.  The trend for the tests from 

500-6000 sˉ¹ is nearly identical.  The β increases from 0 to 0.65 as the plastic strain 

increases from 0 to 0.15 then remains β constant up to strains of 0.35.  The increase of β 

with increasing strain is likely due to the inability of the material to store energy as 

plastic work as the strain increases so the extra energy is released as heat.  
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Figure 3.56 Moving Average of β vs. Plastic Strain for each Inconel 718 Tension Test 

 

The average thermal energy densities are plotted against the strain energy 

densities for each of the data points in the localization regions in Figure 3.57.  The linear 

slopes of these data points are calculated and presented in Table 3.3.  The average β 

values will be used as the values in the LS-DYNA material model.  The differences in β 

in Figure 3.56 can also be seen in Figure 3.57 as the slopes of the SHB tests have similar 

values while the slopes of the MTS tests are lower. 
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Figure 3.57 Thermal Energy Density Comparison with Strain Energy Density to Calculate 

Average β Values for Inconel 718 

 

 
Table 3.3 Average Taylor-Quinney Coefficients for Inconel 718 based on Energy Density 

Comparisons 

Strain Rate ( sˉ¹) 
Average β from 

Slope 

1.00E-02 0.406 

1 0.661 

500 0.686 

2000 0.646 

6000 0.651 

 

  

  



82 

 

Chapter 4 : Summary and Conclusions 

The Taylor-Quinney coefficient is measured in tension tests of Ti-6Al-4V, 

aluminum 2024-T351, and Inconel 718 at strain rates from 1E-4 sˉ¹ to 6000 sˉ¹ using 

synchronized strain and temperature measurements from optical techniques.  The thin, 

flat tension specimens of each material were cut from 12.7 mm thick plates described in 

Chapter 2. The experimental techniques used to determine the full-field Taylor-Quinney 

coefficient in each material are described at length in Chapter 2 while the results from the 

testing are presented in Chapter 3.  Results from tests at a strain rate of 1E-4 sˉ¹ were 

considered isothermal for all materials.  The research was funded by the FAA’s Aircraft 

Catastrophic Failure Prevention Program with the goal of developing material models to 

more accurately model uncontained jet engine failures.  The data generated will be used 

by LS-DYNA Aerospace Working Group to calibrate the MAT_224, MAT_224_GYS, 

and MAT_264 material models. 

 

4.1 Ti-6Al-4V Experimental Conclusions 

Ti-6Al-4V exhibits significant rate dependence over the entire range of strain 

rates.  The material exhibits increasing yield and flow stress and reduced ductility with 

increasing strain rate.   The temperature and strain measured on the surface of the 

specimen is uniform during uniform deformation.  The material localizes at strains 

between 0.03-0.05 and produces a necking region with increased local strains and 

temperature.  At strain rates below 500 sˉ¹ the test cannot be considered adiabatic as 

significant temperature increases are measured in regions outside the necking region 
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where deformation has ceased.  The measured Taylor-Quinney coefficient is dependent 

on the level of local plastic strain.   As the plastic strain increases from 0 to 0.15 β 

increases from 0 to 0.6 for all strain rates.  Outside the localization region the measured 

plastic strains are less than 0.15 and thus β is not uniform across the gage section.  β 

exhibits strain rate dependence in the 6000 sˉ¹ test as the highest recorded temperature 

and β is measured in this test.  An effective β is calculated for the 0.1 strain rate test as 

significant conduction takes place, reducing the thermal energy generated in the material.  

The average beta in the necking region is mainly uniform for the 1 sˉ¹ to 2000 sˉ¹ strain 

rate tests as the average β varies between 0.621-0.675. 

4.2 Aluminum 2024-T351 Experimental Conclusions 

Aluminum 2024-T351 exhibits insignificant strain rate dependence in tension as 

the yield stress only slightly increases while the flow stress is similar across all strain 

rates.  The temperature and strain measured on the surface of the specimen is uniform 

during uniform deformation.  The material localizes at a strain of 0.15 and produces a 

necking region with increased local strains and temperature.  The measured temperature 

increases and β are similar for each of the 500-6000 sˉ¹ tests.  Aluminum has a higher 

thermal conductivity and exhibits lower β values for the 0.01 and 1 sˉ¹ tests due to a 

reduction in thermal energy.  β exhibits bilinear plastic strain dependence in the 500-6000 

sˉ¹ tests as β increases from 0 to 0.3 over a plastic strain of 0 to 0.05 and then from 0.3 to 

0.5 over a plastic strain from 0.05 to 0.3.  The average β is calculated from the slopes of 

the plot of the thermal energy generated in each tension test to the measured strain energy 

in each test.  The average β for the 500 sˉ¹ to 6000 sˉ¹ tests varies between 0.485-0.533. 
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4.3 Inconel 718 Experimental Conclusions 

The measured yield and flow stresses of Inconel 718 in tension increased with 

increasing strain rate.  The material strain hardening rate at 0.1 and 1.0 sˉ¹ is lower than 

that at 1E-4 sˉ¹ likely due to thermal softening.  The increase in temperature measured at 

the failure point for each tension test is within 10ºC for the tests at strain rates between 1-

6000 sˉ¹.  The material localization point is at strains between 0.15-0.25 and increases 

with increasing strain rate.  The β for the strain rate tests between 1-6000 sˉ¹ are constant 

between 0.6 and 0.625 for local plastic strains above 0.2.  The average β is mainly 

uniform for the 1 sˉ¹ to 6000 sˉ¹ tests and varies between 0.651 and 0.686. 

4.4 Final Comments and Future Works 

The experimental results presented in this work are just a small fraction of the amount 

of data produced by the multiple experiments.  In previous works a single value of 𝛽𝑖𝑛𝑡  

was calculated using an average strain and temperature increase.  With the large amount 

of data generated in these experiments one could develop a new field method to better 

describe the behavior of the specimen during deformation.  As this is the first set of 

Taylor-Quinney coefficient experiments carried out on materials with a high degree of 

localization these methods could be extrapolated to study other types of deformation such 

as shear or punch tests. It would also be prudent to study the differences in 𝛽𝑖𝑛𝑡 and 𝛽𝑑𝑖𝑓𝑓 

on strain, strain rate, and deformation type for different materials. The current LS-DYNA 

material models only calculate temperature increase using 𝛽𝑖𝑛𝑡 and total plastic work 

where 𝛽𝑑𝑖𝑓𝑓 may be better suited to describe the temperature increases experienced by 

materials in with large amounts of plastic strain. 
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Furthermore, infrared technology is currently limited because of the pixel resolution 

that must be sacrificed to increase the frame rate of the cameras.  By utilizing 

technologies that have higher frame rates but lower sensor resolutions in tandem with the 

infrared camera a more complete picture of the temperature rise could be realized during 

the high strain rate tests.  Utilizing multiple infrared cameras simultaneously would also 

increase the data points recorded during the experiments at the highest strain rates. 
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