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Abstract 

The flow stress of aluminum alloy 6061-T6 produced by conventional thermomechanical methods has been investigated under the application of 
strains up to 80 % at a strain rate of the order of 5000 1/s, and temperatures ranging from ambient to near melting. The high strain and strain rate 
deformation was imposed using a Kolsky bar compression apparatus equipped with a fast pulse-current heating system to reach the target 
temperatures at high heating rates. The flow stress was measured under strains, strain rates, temperatures and heating rates that match 
thermomechanical conditions developed in the primary shear zone of a specially designed machining with chip pulling test method. Flow stress 
error is estimated by statistics obtained from experimental replicates. It is expected that these measurements will enable the formulation of realistic 
machining models for Al6061-T6. Temperature measurements were obtained using non-contact infrared (IR) full field imaging together with 
embedded micro-thermocouple (TC) point probing. The TC measurements were used to estimate the emissivity of the aluminum specimen via 
separate, in situ calibration tests, and to track temperature evolution during the compression, also via separate testing, not compromising the flow 
stress measurements. Type-K TC measurements were made using the separated junction principle by embedding the TC wires into two 
micromachined holes in the specimen. The temperature measurement technique is discussed in detail, and temperature uncertainties are estimated. 
The Kolsky bar and machining test with chip pulling will be used going forward to study the effect of heating time on the dynamic thermal 
softening behavior of Al6061-T6, which has been shown to be time-sensitive under quasi-static loading when temperatures exceed 200 °C, due 
to Mg-Si precipitate growth. 
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1. Introduction 

Manufacturing processes impose extreme strains, strain 
rates and temperatures on workpiece materials [1]. Because of 
this, it is important to understand material behavior under such 
extreme conditions, which exceed the conditions imposed by 
typical mechanical testing techniques. For instance, for 
machining, accurate information about the mechanical 
response of the workpiece material is required to perform 
simulations to optimize performance measures such as energy 
expenditure, and tool vibrations and wear [2]. 

One well-known experimental approach that provides 
accurate information about the mechanical response under 
extreme thermomechanical conditions is the Kolsky bar 
compression technique. With this technique, dynamic 
compression (high strain and strain rate) that is similar, in terms 
of peak strains, strain rates and temperatures, to deformation 
imposed by machining and other processes may be produced 
[3, 4]. The Kolsky bar compression test is used to measure the 
flow stress as a function of strain, strain rate and temperature. 
Although the strain and strain rate are not fully decoupled, a 
single test produces a range of strains at a relatively constant 
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strain rate. The temperature evolves naturally by dissipation of 
plastic work, but it may be controlled with external heating. If 
external temperature control is to be utilized, it is important to 
also control the heating rate, for the flow stress of many metals, 
including aluminum alloy 6061, is highly dependent on thermal 
history [5]. 

Another experimental approach that has received recent 
development is machining under chip pulling [6]. With this 
technique, dynamic shear may be imposed, and the flow stress 
may be measured as a function of strain, strain rate and 
temperature. The chip pulling offers the possibility to decrease 
the strain imposed by machining to levels possible by Kolsky 
bar compression (usually less than 100 %), thereby enabling 
comparisons between flow stress measurements obtained by 
Kolsky and machining tests. 

In the work presented herein, dynamic Kolsky bar 
compression experiments were performed on a model, heat-
treatable alloy (aluminum alloy 6061, initially in the T6 
condition). The Kolsky compression apparatus was equipped 
with a pulse current heating system, to impose high 
temperature and heating rate. The compression was performed 
at high strains and strain rates (up to 80 % and 0.5x104 1/s, 
respectively), and at elevated temperatures (up to 500 °C) 
under heating rates of the order of 1000 °C/s. These conditions 
were selected to match strain, strain rate, temperature, and to a 
good extent, the heating rate present during machining, and in 
particular, by the machining with chip pulling test [6]. 
Ultimately, the work aims to develop an improved constitutive 
model for Al6061-T6 that accounts for variations in flow stress 
arising from non-equilibrium, time-sensitive microstructural 
transformations at elevated temperatures. Such models are 
required for accurate simulation and optimization of a variety 
of manufacturing processes (machining, rolling, etc.). 

In this report, a review of the behavior of aluminum alloy 
6061 is discussed in section 2, the Kolsky bar compression 
system and selected experimental conditions are discussed in 
sections 3 and 4, Kolsky flow stress measurements are shown 
in section 5, and these measurements are discussed and 
compared to measurements from machining with chip pulling 
in section 6. 

2. Aluminum alloy 6061 

The microstructure of 6000 series aluminum alloys has been 
reported in refs. [7, 8]. Aluminum alloy 6061 is usually solution 
treated and quenched to form a supersaturated solid solution, 
and then precipitation treated to develop maximum strength. 
The alloy contains several secondary phases. Each secondary 
phase has a particular solvus temperature [9, 10]. These phases 
dissolve gradually with solution treatment temperature and 
heating rate, hence this temperature and the time at temperature 
affect the mechanical behavior of the alloy [11]. The higher the 
solution treatment temperature the larger the solid solution 
fraction, but the higher the heating rate, the smaller the solid 
solution fraction. There are reports indicating that partial 
dissolution may occur at temperatures as low as 400 °C during 
time of the order of a few minutes [5]. Standard solution 
treatments are performed at 530 °C for 1.5 h [10]. After 
quenching from the solid solution, heat treatment at 

temperatures below solvus forms metastable β″ Mg-Si 
precipitates [9]. The time at temperature controls precipitate 
size, degree of coherence with the matrix and distribution, and 
hence dislocation mobility and mechanical properties. The 
precipitates are a major source of strength, and hence the heat 
treatment that forms them is known as age hardening. The T6 
temper, of standard peak strength, is reached after age 
hardening at 177 °C for about 8 h [12]. However, age 
hardening the material at 100 ℃ for 48 h results in 13 % higher 
peak strength than age hardening at 177 ℃ for 8 h [13]. The 
average grain size measured in the T6 temper is typically in the 
range of 40 µm to 75 µm [14]. 

However, it is known that the βʺ precipitates in the T6 
temper facilitate the creation of sub-micrometer sized grains, 
after severe plastic deformation, that give the alloy high 
strength and ductility, and thermal stability [15]. Additionally, 
it is known that the grains may also grow to the size range of 
60 µm to 140 µm by heating to temperatures from 610 ℃ to 
640 ℃ for 15 min [14]. 

Upon heating, Al6061-T6 will experience precipitate 
transformations that are sufficiently fast to alter its flow stress 
under time spans of the order of minutes or less than a minute, 
depending on temperature. Maisonnette et al. [5] presented a 
study about the effect of thermal pre-treatments on the ambient-
temperature mechanical response of Al6061-T6, under 
quasistatic tension, after heating to various temperatures with 
different heating rates. Input variables were the maximum 
temperature and the heating rate (time at temperature). To study 
the influence of maximum temperature on flow stress, a 
constant heating rate (15 K/s) was used to reach the desired 
temperatures of 200, 300, 400, 450, 500 and 560 ℃. Relative 
to non-heated specimens, a drop in flow stress of up to 75 % 
was observed when the specimen was heated up to 560 ℃ (see 
Fig. 6 in [5]). To study the influence of the heating rate on flow 
stress, heating rates of 0.5 K/s, 5 K/s, 15 K/s, 50 K/s and 
200 K/s were applied while heating to a target temperature of 
400 ℃.  It was observed that the larger the heating rate, the 
smaller the drop in flow stress. For example, at 0.04 true strain, 
at the heating rate of 0.5 K/s (or heating time of 800 s) the flow 
stress was 160 MPa, while at a faster heating rate of 200 K/s 
(or heating time of 2 s) the flow stress was much higher, 
215 MPa. 

Maisonnette’s group attributed the behavior of Al6061-T6 
after the relatively short heat treatments to the degree of 
dissolution and over aging (precipitate growth), as confirmed 
by electron microscopy. Even for the short heating times used 
in that work, additional time at temperature occurred due to the 
relatively slow cooling rate of 10 K/s. Thus, for the largest 
heating rate of 200 K/s, it must have taken about 42 s to reach 
the target temperature and return to ambient. 

There are many articles reporting the strain rate sensitivity 
of Al6061-T6. Scapin and Manes [16] and Manes et al. [17] 
reported that the alloy’s flow stress remained fairly constant for 
strain rates between 10-3 1/s and 103 1/s, increased 10 % when 
the strain rate exceeded 103 1/s and 40 % when the strain rate 
exceeded 104 1/s. Lee and Kim [18] reported very similar 
trends to those found by Scapin and Manes [16] and Manes et 
al. [17]. Chichili and Ramesh [19] reported no significant 
change in flow stress for strain rates from 10-4 1/s to 103 s-1. 
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However, the flow stress increased 20 % when the strain rate 
reached 3.5x103 1/s. Lee and Huang [20] found increasing flow 
stress for strain rates higher than 103 1/s. More specifically, for 
strain rates of 103 1/s and 5x103 1/s, the flow stresses were 
455 MPa and 605 MPa, respectively. Acharya et al. [21] 
reported that the flow stress increased from 400 MPa to 
525 MPa, as the strain rate increased from 3x103 1/s to 
6x103 1/s. These studies agree in that strain rate sensitivity was 
observed when the strain rate increased beyond 0.5x104 1/s. 

3. Experimental configuration 

  Kolsky compression apparatus 

Dynamic compression experiments were conducted using 
the Kolsky bar technique developed by Mates et al. [3]. During 
the Kolsky bar compression test, the specimen is placed 
between two bars having high elastic modulus and yield 
strength. Then, a striker bar is launched towards the first bar by 
a pneumatic gun, as it can be seen in Figure 1. The striker bar 
impacts the incident bar at high speed, creating an elastic pulse 
that travels through the incident bar. When the elastic pulse 
reaches the end of the incident bar that is in contact with the 
specimen, it is partially transmitted through the specimen and 
into the transmitted bar, and partially reflected. These elastic 
pulses are measured by metal foil strain gages connected to a 
battery-powered bridge circuit at sampling rate of 2 MHz. The 
bars are made sufficiently long to avoid overlapping between 
the incident and transmitted pulses. A mechanical pulse shaper 
between the striker and incident bars is used to produce smooth 
incident pulses. 

The striker bar length controls the duration of the loading 
pulse and hence the total strain applied to the sample, while the 
launch pressure controls the applied strain rate. The strain and 
strain rate are determined from the pulse reflected from the 
specimen, henceforth referred to as the reflected pulse (𝜀 ), 
while the stress is determined from the pulse transmitted into 
the transmission bar, henceforth referred to as the transmitted 
pulse (𝜀 ).   

The engineering strain (𝜖), true strain (𝜀), true strain rate (𝜀), 
and the true stress (or flow stress, 𝜎) are calculated using the 
following equations, after verifying equilibrium conditions by 
comparing forces on either side to the specimen: 

𝜖(𝑡 2𝐶𝑙  𝜀 (𝑡 𝑑𝑡 (1) 

𝜀(𝑡 𝑙𝑛 1 𝜖(𝑡  (2) 

𝜀(𝑡 11 𝜖(𝑡 2𝐶𝑙  𝜀 (𝑡  (3) 

𝜎(𝑡 𝜀 (𝑡 ∗ 1 𝜖(𝑡 , (4) 

where, 𝐶  is the speed of sound in the bars, 𝐸  is the elastic 
modulus of the bars, 𝐴  is the cross-section area of the bars, 𝐴  is the initial cross-section area of the specimen, 𝑙𝑜  is the initial length of the specimen, and 𝑡 is time. 
Uncertainties in each stress-strain curve are estimated from 
standard error propagation techniques using equations (1) 
through (4) by estimating the individual uncertainties of the 
strain gage readings, the bar properties and the bar and 
specimen geometries, and, for heated tests, the uncertainty of 
the foil contraction (described in the following section).  

 

 Pulse current heating system 

To obtain the mechanical response as a function of temperature 
evolution, a single square-current pulse produced by a 12 V 
high capacity battery bank was passed through the specimen 
and the bars, as shown schematically in Figure 1 [3, 22]. A 
feedback control loop was used to regulate the current pulse 
amplitude from 35 A to 90 A, and the current pulse period from 
less than a second to several seconds. The current pulse 
amplitude and period were applied to obtain a range of 
temperatures and dwell times (heating times). The current was 
applied prior to impact. That is, it was turned off about 10 ms 
to 20 ms before the arrival of the loading pulse. With 35 A 
being the lowest controllable current available, the minimum 
controllable steady-state temperature was about 360 °C, for the 
cylindrical specimens used in this study (4 mm diameter by 
2 mm thick). Since it is known that precipitate growth is 
significant at temperatures below 200 °C [5], it was of interest 
to explore temperatures lower than the minimum, controllable, 
steady-state temperature. These lower temperatures were 
achieved by short ramp-current pulses, having durations much 
less than 1 second. Because of the high thermal conductivity of 
aluminum, the specimens experienced nearly uniform 
temperature distribution over much of its central portion, as can 
be seen in the distribution of radiant temperatures in Figure 2A, 
B and C. In the mid portion of the length of the specimen, i.e. 
the horizontal green line, which corresponds to 65 % of its 
length, the radiance temperature had a mean of 162 °C and a 
standard deviation of 6 °C. Outside this portion, the radiant 
temperature is not certain, since it is prone to reflections from 
the highly emissive graphite foils positioned at the 

Figure 1. Schematic of the pulse-heated Kolsky bar compression 
setup [3]. 
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bar/specimen interfaces (described in the next paragraph). 
Along virtually the entire diameter, i.e. the vertical orange line, 
the radiant temperature had a mean of 156 °C and a standard 
deviation of 4 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To avoid electric arcing, and to improve contact uniformity 

and lubrication, thin graphite foils were mounted between the 
bars and the specimen, as can be seen in Figure 3. When 
graphite foils were used, a correction was needed to account for 
the presence of the foil on the calculation of the specimen 
contraction, Δlspecimen. The correction involved subtracting the 
foil contraction 𝛥𝑙  from the total compression measured by 
the strain gauges (Eq. 1), to produce a corrected specimen 
contraction, as described in [3]. We also note that the pulse 
current heating technique has a negligible effect on the elastic 
wave transmission because the heat-affected zone in the bars is 
quite small, and the temperature rise is limited by the short 
duration of the heating experiment.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Temperature measurement 

Direct true temperature measurements were performed via 
thermography using a mid-wave infrared (MWIR) camera, to 
capture the temperature evolution of the specimen up to the 
impact time. The camera response was characterized against a 
blackbody (BB) reference source. The effective emittivity 
(surface emissivity plus reflected radiance) of the specimen 
was obtained by simultaneous measurement of radiation from 
the specimen surface with the MWIR camera and temperature 
by a thermocouple (TC) embedded just below this surface. 
Embedding the TC provided data free of noise arising from 
interference with the pulse current heating. Details of the 
measurement procedures are given below. For a limited 
number of Kolsky compression tests, the embedded TC was 
also used to capture the temperature rise of the specimen as a 
result of the impact. However, unless stated explicitly, flow 
stress measurements were performed without an embedded TC. 

The MWIR camera featured collecting optics and a sensor 
array that were sensitive to thermal radiation between 1.5 µm 
and 5 µm. A band-pass filter of 3.9 µm center wavelength was 
used to make the camera especially sensitive to radiation at the 
expected specimen temperatures. The sensitivity was further 
adjusted by altering the integration time from 25 µs to 1500 µs. 
To enable measurement of the evolution of the specimen 
temperature up to the impact time, the highest possible frame 
rate of 870 frames/s was used. For this purpose, the sensor array 
was windowed to ¼ of the full size, to image the region of 
interest (ROI), which measured 160 pixels horizontally and 128 
pixels vertically. The 50 mm lens produced a field of view of 
approximately 6.1 mm by 4.9 mm, yielding a spatial resolution 
of 38 µm/pixel. To minimize errors due to drift in the camera 
body temperature, the camera was wrapped in a liquid-cooled 
jacket such that the camera temperature drift was limited to 
± 3 °C for a full day of continuous operation. 

Calibrations were performed using a blackbody furnace 
capable of 50 °C to 1000 °C radiance temperature. Due to the 
very low emissivity of aluminum, calibrations up to 400 °C 
radiance temperature were sufficient to capture the 
temperatures of interest in this study. All blackbody 
calibrations were performed with a calcium-fluoride optic 

2

3 

A) 

B) 

Figure 2. A) Thermal image of a heated Al6061-T6 heated specimen 
prior to deformation for a 0.3 s heating experiment. B) Radiance 
temperature distribution along horizontal (2) and vertical (3) lines.  

Compression direction 

C) 

Figure 3. Specimen arrangement for elevated temperature 
experiments showing the graphite foils between the bars and 
the specimen. 
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window in the optical path to mimic the experimental 
condition. Non-uniformity corrections (NUCs) were applied to 
the sensor array for each applied integration time by 
illuminating the windowed array at two signal levels (low and 
high temperature). These signals were individually determined 
based on the maximum detectable signal for each integration 
time. Approximately seven to ten calibration points were 
obtained with the sensor array uniformly irradiated by the 
blackbody. Seven to ten additional calibration points were 
obtained using a 2 mm wide by 4 mm tall rectangular mask to 
mimic the size of the specimens. They showed that size-of-
source errors were negligible. 

Additional in situ calibration tests were performed directly 
on the aluminum specimens by embedding a thermocouple 
inside the specimen, as shown in Figure 4. These experiments 
were performed to determine the effective surface emittivity, 
which was needed to estimate the true temperature directly 
from the data obtained from the MWIR camera. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Typically, the TC signal is biased by the current used to heat 

the specimens, so the emittivity was determined by switching 
off the current and observing the specimen as it rapidly cooled. 
Such a calibration consists of synchronizing the MWIR camera 
and TC cooling curves, and then determining an effective 
emittivity (𝜀) by: 

𝜀 𝑒𝑥𝑝 𝑐𝜆 1𝑇 1𝑇  (5) 

where 𝑐  is the second radiation constant (0.014388 mK), 𝜆  is 
the effective wavelength of the thermal camera (3.9 µm), and 𝑇  and 𝑇  are the TC and MWIR camera apparent 
temperatures, respectively. The above equation is derived from 
Planck’s radiation equation and assumes no dependence of 𝜀 on 
wavelength or temperature. Several specimens with an 
embedded TC were used to estimate the emittivity with good 
statistical confidence. The TC was sampled at 50 kHz. 

The emittivity is affected by the specimen surface quality. 
To reduce the sample-to-sample variance in emittivity, all 
samples were polished using a 1 µm cloth.  

Using the MWIR camera, the true temperature 𝑇  of the 
Kolsky compression specimen at impact time is estimated by: 

𝑇 1𝜆𝑐 𝑙𝑛𝜀 1𝑇  (6) 

The combined true temperature uncertainty is estimated 
from the emittivity calibration uncertainty, the TC temperature 
uncertainty, and the variance of the radiance temperature 
within the ROI for each measurement. These uncertainties are 
combined in quadrature and represent a 95 % confidence 
interval. 

4. Experimental conditions 

An extruded aluminum slab of Al6061-T6 (peak-aged) 
purchased commercially was used as the specimen source. 
Disk-shaped specimens (4 mm diameter by 2 mm thick) were 
cut from this slab using electrical discharge machining (EDM). 
The disks were cut along three different directions relative to 
the extrusion direction of the aluminum slab (Figure 5), to 
study dependence of material flow stress on crystallographic 
texture. These directions were 1) Kolsky compression parallel 
to the slab extrusion direction (Figure 5a), 2) Kolsky 
compression perpendicular to the slab extrusion direction 
(Figure 5b), and 3) Kolsky compression at 45° to the slab 
extrusion direction (Figure 5c). The compression along the 
three different directions also enabled comparison between 
pure compression from Kolsky testing to compression and 
shear from machining. 

The Kolsky incident and transmission bars were made of 
maraging steel, 1.5 m long by 1.5 cm diameter, and Young’s 
modulus and yield strength of 170 GPa and 2.0 GPa, 
respectively. This material was chosen to ensure that the bars 
remained elastic while the specimen experienced plastic 
deformation. To ensure uniaxial deformation, and to minimize 
friction, a lubricant (common grease) was used for experiments 
without preheating. For the pulse-current heated experiments, 
the graphite foils shown in Figure 3 served as a lubricant. The 
strain pulses were produced with a 375 mm long striker bar, 
also made of the same maraging steel as the incident and 
transmission bars. The striker bar was launched pneumatically 
at a gage pressure of 205 kPa (30 psi), to produce plastic strains 
up to 80 % at strain rates of the order of 103 1/s. These strain 
and strain rate levels were designed to match the work by Cui 
et al. [6]. In this work, materials were tested using a special 
pull-cutting setup, resulting in effective strain as low as 0.5 and 
strain rate as low as 102 1/s. To smooth the incident pulse, 
annealed copper pulse shapers, measuring 6.35 mm diameter 
and 0.0254 mm thick (¼ inch diameter and 0.01 inch thick), 
were placed between the striker bar and the incident bar.  

The minimum controllable steady-state temperature prior to 
impact was about 360 °C. Lower peak temperatures prior to 
impact of about 200 °C were also imposed by applying current 
ramps for various periods of less than 1 s. Some compression 
tests were performed after allowing the specimen to cool down 
to ambient temperature after reaching the pre-set current or 
temperature level.  

 
 

Figure 4. Procedure for drilling holes for the TC point probing 
installation on a 2 mm thick by 4 mm diameter aluminum 
specimen. 

Specimen 

TC wires 

Clamp Drilling tool 
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5. Results  

 Flow stress versus direction of compression 

Figure 6 shows the average flow stress vs. true strain 
obtained from the Kolsky compression experiments for each 
specimen direction at essentially ambient temperature, without 
any current going through the specimen prior to or during the 
test. The strain rate throughout the testing was roughly constant 
and approximately equal to 0.5 x 104 1/s. Three replicate tests 
for each material direction (Figure 5) were performed at the 
same value of strain rate. The error bars in Figure 6 represent 
two standard deviations (95 % confidence interval). The drop-
off in the flow stress for strains close to 0.8 is caused by the 
release-wave, which is produced at the end of the experiment, 
and does not represent material failure. Also, the upturn in the 
curve starting from strain about 0.7 may be attributed to 
friction. 

To make visual comparisons clear, the data corresponding 
to three selected strain levels of 0.2, 0.4 and 0.6 are shown in 
Figure 7. For each sampled strain level, the flow stress 
corresponding to the different specimen compression 
directions are essentially the same. This means that, at least for 
deformation involving length scales of a few millimeters 
(specimen’s diameter and thickness), the polycrystalline 
material exhibited isotropic behavior.  

Figure 8 shows the flow stress obtained from the Kolsky 
compression involving specimens without and with an 
embedded TC. Three replicas for each case, no TC inside vs. 
TC inside (Figure 4), were performed. The flow stress for the 
three replicas for a given case were averaged at each sampled 
strain level. The average flow stress curve for the given case 
was formed by plotting the average flow stress vs. strain. The 
measurement error was taken as two times the standard 
deviation (95 % confidence interval) corresponding to a given 
case and strain level. Figure 8 shows the average flow stress 
and measurement error vs. true strain for both cases. To make 
visual comparisons clear, the data corresponding to three 
selected strain levels of 0.2, 0.4 and 0.6 are shown in Figure 9. 
For each sampled strain level, the flow stress corresponding to 
the two cases are essentially the same. This means that the 

presence of the embedded TC did not influence flow stress 
measurements, and that it could be used to measure temperature 
evolution during the compression, provided that the TC is 
sampled sufficiently fast, and that the signal is clean. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The TC signal obtained through the compression had too 

much noise. However, the signal became noise-free right after 
impact. These observations motivated additional experiments 
where the strain was halted at a predetermined level. The 
compression was performed with a specially prepared incident 
bar, having a pocket on its front face. The incident bar was 
forced to contact the transmission bar at specimen true strain = 
0.34. Readings from the TC tens of milliseconds after the end 
of the compression showed specimen temperature rise of about 
45 °C. 

The embedded TC technique will be exploited further to 
track specimen temperature during and soon after deformation. 
However, the flow stress measurements shown in the 
proceeding sections (and in Figure 6 and Figure 7) are from 
specimens compressed without an embedded TC. 

 
 
 
 
 

Figure 5. Orientation of Kolsky specimens relative to the extruded Al6061-
T6 slab. A) Kolsky compression parallel to the slab extrusion direction, B) 
Kolsky compression perpendicular to the slab extrusion direction, and C) 
Kolsky compression at 45° to the slab extrusion direction. 

45° 

A 
B 

C

Disks to be cut 

Figure 6. Flow stress as a function of true strain for different compresion 
directions (defined in Figure 5), all at ambient temperature (25 °C). The 
strain rate is about 0.5 x 104 1/s. Error bars represent a 95 % confidence 
interval. 
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]

Figure 7. Flow stress at selected true strain values at ambient temperature 
(25 °C) as a function of compression direction (defined in Figure 5). The 
error bars show 95 % confidence interval. The strain rate is about 0.5 x 104/s.
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 Flow stress versus temperature evolution 

Figure 10 shows the flow stress vs. temperature (up to about 
500 °C) at a fixed level of true strain (0.5). The heating was 
performed by applying current pulses of different dwell times 
(heating times), with a maximum heating time of 7.5 s. In 
Figure 10, points of flow stress and specimen temperature for 
a given heating time are assigned a unique color (see the legend 
in the figure). For the two tests with impact temperatures just 
below 300 °C and heating times of 3.5 s and 7.5 s (one orange 
point and one red point in Figure 10), the specimen was heated 
to a steady temperature of about 360 °C and then allowed to 
cool prior to impact by delaying the striker impact slightly. 
With a cooling rate of several hundred degrees per second, the 
striker delay to achieve the final temperature was of the order 
of 0.1 s. Higher temperatures, and temperatures reached after 
shorter heating times were obtained directly, without cooling, 
by striking the specimen right after reaching the target 
temperature, as shown in Figure 11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12 presents additional flow stress vs. true strain 

curves for specimens that have been subject to heating to a 
target temperature, holding the temperature for a 
predetermined time, and cooling to ambient temperature before 
performing the Kolsky compression. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Flow stress as a function of true strain for specimens without an 
embedded thermocouple vs. specimens with and embedded thermocouple. 
The specimens were initially at ambient temperature (25 °C). The specimen 
direction is 45° (see Figure 5c). The strain rate is about 0.5x104/s. Error bars 
represent a 95 % confidence interval. 

Figure 9. Flow stress at selected true strains for specimens without an 
embedded thermocouple vs. specimens with an embedded thermocouple. The 
specimens were initially at ambient temperature (~25 °C). The specimen 
compression direction is 45° (see Figure 5c). The strain rate is about 
0.5x104/s. The error bars show 95 % confidence interval.  

Figure 10. Flow stress of 6061-T6 as function of temperature and heating 
time at a fixed true strain of 0.5. The temperatures were determined using the 
MWIR camera. Error bars on stress and temperature represent a 95 % 
confidence interval. 

Figure 11. Typical thermal history for two different heating 
schedules: blue 3.5 s of total heating time, and orange 0.3 s of total 
heating time. 
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6. Discussion 

The flow stress measurements shown in Figure 6 and Figure 
7 match measurements from previous studies of aluminum 
alloys [21]. More notably, the flow stresses in Figure 6 and 
Figure 7 match those from special machining tests performed 
at similar levels of strain and temperature [6]. In these 
machining tests, the chip was pulled with a controlled force to 
reduce the effective strain to about 0.6, and cutting was 
performed at sufficiently low machining speed to keep the 
temperature near ambient. The reported flow stress was 383 
MPa [6]. This value was virtually constant throughout the 
approximately 50 mm long cut. Although the strain rate of the 
machining test was only 102 1/s, and lower than the 
0.5 x 104 1/s of the Kolsky bar tests, the flow stress obtained 
from the machining experiments was within the measurement 
error in flow stress from the Kolsky tests for a true strain of 0.6 
(see Figure 7). This is consistent with small flow stress 
sensitivity to strain rate for this range of strain rate, as reported 
by Lee and Kim [18]. 

Despite the flow stress match, two intrinsic differences 
between these tests may lead to different flow stress estimates. 
One is the volume interrogated by the test, and the other is the 
stress state induced by the test. 

The volume interrogated by the Kolsky test (4 mm dia. x 
2 mm thk.) is large compared to the material grain size, and 
hence the deforming material may be regarded as 
polycrystalline. This is consistent with the insensitivity to 
material direction for this specimen size, as shown in Figure 6. 
By contrast, the volume interrogated by the machining test 
contains only a few grains, and hence the machining test may 
be sensitive to flow stress variations due to crystallographic 
texture. From ref. [6], this volume was 1.93 mm thick (width 
of cut) x 0.025 mm (depth of cut) x ≈ 0.02 mm (thickness of 
primary shear zone). Therefore, any flow stress sensitivity to 
crystallographic texture is expected to show in variations of 
flow stress as the cutting progresses via the change in grain 
orientation between neighboring grains in the workpiece. 

However, no significant variations in cutting force with cutting 
distance were observed. 

Regarding the difference in stress-state, while the Kolsky 
bar test is simple compression, the machining test applies a 
combined compression-shear deformation. However, the 
Kolsky compression test performed at 45° to the extrusion 
direction (Figure 5c) produced virtually the same direction of 
maximum shear as the machining test, albeit under very 
different volume scales. Since the flow stress estimates match, 
it appears that for the volume-scale interrogated by the 
machining tests and the Kolsky tests, the material can be 
considered isotropic. 

The higher the temperature and the longer the heating time, 
the lower the flow stress (Figure 10). This result is generally 
reflective of what has been shown at lower strain rates, where 
time-sensitive thermal softening is caused by a combination 
precipitate growth (over-aging) or precipitate dissolution, the 
latter occurring at higher temperatures than the former [5]. 
However, the results shown in Figure 10 were obtained after 
much shorter heating times than in the referred work. In 
reference [5], for an applied thermal treatment 400 °C, the 
heating rate was 200 °C/s and the cooling rate about 10 °C/s, 
yielding a total time at temperature above 275 °C/s of about 
15 s. This is twice as long as the longest heating time in the 
present experiments (Figure 10). 

In the elevated-temperature compression tests, for tests 
between ambient up to 200 °C, Figure 10 shows a gradual 
decrease in flow stress from about 380 MPa to 320 MPa, but 
for remarkably short heating times of less than 0.2 s. This is 
likely due to increased dislocation mobility at high temperature 
[23]. For the temperature range from 250 °C to 350 °C, Figure 
10 shows a significant difference in the flow stress between 
sub-second heating times (green and blue points) and the longer 
heating times of several seconds (red and orange points). This 
temperature range matches that over which precipitate growth 
is observed [5], but the temperatures were applied over much 
smaller time scales. It appears that there are significant 
differences in flow stress after heating for a fraction of a 
second, compared to heating for a few seconds, which may 
reflect differences in precipitate size evolution over different 
heating times. Above 400 °C, Figure 10 shows that sub-second 
heating time (blue points) and heating time over several 
seconds (orange points) converge to the same flow stress of 
about 100 MPa. This behavior may be explained by precipitate 
dissolution, which is known to begin at temperature of about 
400 °C [5]. 

The ambient temperature compression tests performed on 
pre-heated specimens shown in Figure 12 indicate that the flow 
stress is slightly affected by heat treatments at 100 °C and 
189 °C during 0.1 s and 0.2 s, respectively, but strongly 
affected by the heat treatment at 441°C for 3.5 s. At this highest 
temperature, the flow stress is about 280 MPa for true strain of 
0.5. These heat treatment times are between about an order of 
magnitude or two shorter than the heat treatments reported in 
ref. [5], but the results indicate that softening by precipitate 
growth and associated dislocation climb [24] is still operative.  

The flow stress of 100 MPa obtained when compressing the 
specimen after heating to 400 °C for time as short as less than 
a second contrasts the flow stress of 280 MPa obtained when 

Figure 12. True stress versus true strain curves as functions of 
temperature history where the specimens were allowed to cool to ambient 
temperature prior to the compression test. 
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compressing the specimen from ambient temperature, but after 
a short heat treatment at 441°C. The smaller flow stress may be 
explained by temperature driven dislocation mobility [24], 
which acts in addition to precipitate growth/dissolution [5]. 
Further investigation is needed to determine whether these 
mechanisms are active under the short heating times involved 
in the present experiments. 

It is compelling to think that the effects of temperature and 
heating time on flow stress observed herein are also due to the 
dependency of the size and distribution of the Mg-Si 
precipitates, or of their dissolution in the Al matrix, on heating 
time. However, this hypothesis needs to be verified by direct 
observation of the precipitate size and supporting kinetics 
modeling. Therefore, further discussion is deferred. 

The changes in the flow stress of Al6061-T6 induced by 
temperatures applied over short heating times presented herein 
imply that any attempts to generate constitutive models for use 
in materials processing simulations may have to account for 
microstructural transformations at elevated temperatures, 
including changes in precipitate populations, which may alter 
the mechanical behavior over time. Therefore, any attempts to 
alter the specimen temperature state by heating must keep the 
heating time sufficiently low to avoid discrete microstructural 
transformations that may not be active during adiabatic 
deformation processes such as machining.  

Future work will be aimed at developing an extensive flow 
stress data set for Al6061-T6 by subjecting it to dynamic 
compression tests that are correlated to microstructural state, 
thereby generating constitutive models that adapt to the onset 
of precipitate transformations such as growth and dissolution. 

7. Conclusions 

The flow stress of Al6061-T6 under true strains up to 0.8 
strain rates of about 0.5 x 104 1/s and temperatures up to 
450 °C with different periods of rapid heating was 
characterized by dynamic Kolsky bar compression testing. 
Further flow stress characterization was carried out at near 
ambient temperature after heat treatments for several 
temperature/time combinations. The flow stress was obtained 
by compression along directions parallel, perpendicular and at 
45° relative to the extrusion direction. The compression 
direction did not alter the flow stress. When comparing at 
strains of 60 %, under similar temperature evolutions and 
direction of maximum shear, the flow stress of Al6061-T6 
derived from Kolsky bar measurements matched the flow stress 
derived from machining tests with chip-pulling. The match was 
observed despite differences in strain rate (0.5 x 104 1/s for 
Kolsky bar tests vs. 102 1/s for machining tests) and material 
volume interrogated by the testing (25 mm3 for Kolsky bar tests 
vs. 0.001 mm3 for machining tests). Within the temperature 
range where precipitate coarsening is expected, the flow stress 
appeared to be sensitive to heating time as well as temperature, 
according to both elevated compression tests and ambient 
temperature tests on pre-heated specimens. The 
temperature/heating time effect on flow stress is perhaps due to 
Mg-Si precipitate transformation, besides thermal dislocation 
activation. 

The pulse current heating Kolsky compression system 
utilized in this study offers a unique platform for investigating 
the effects of time-sensitive material transformations on 
mechanical performance. Future work will expand exploration 
of time-sensitive material behavior in this model Al6061-T6 
alloy and will attempt to develop constitutive models that 
account for discrete changes in material state. 
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