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1. Introduction

Historically, it has taken approximately 20 years to advance a material from
discovery to final product.! This 20-year gap is often referred to as the “Valley of
Death” as most laboratory discoveries never make it to commercialization.> The
valley has many causes and factors that make it grow (for example: technical issues,
operational costs, and regulations) but relatively few tools available to shrink it

(Fig. 1).

Resources

The Valley of Death Private Industry based

resources

Academic/Government
Lab based resources

Discovery Basic  Concept/Applied Technology Transition ~Development/ Product '-_a'-'_"‘:h{
Research Research (6.2)) Scale up Commercialization
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Fig.1  Schematic of the “Valley of Death”

As the need for the development of new materials to solve global problems grows,
it becomes imperative to shrink the valley to a much more manageable time frame.
Shrinking the valley is the main driving force in creating the framework of High-
Throughput Materials Development (HTMD).

One strategy for HTMD is to break the entire materials-discovery process down to
a few broad steps: Materials Discovery (identifying a needed and desired property
of a given material), Knowledge Discovery (finding relationships within the
material composition; for example, iron and carbon in a steel), the formation of
Discrete Libraries (uniform distinct compositions), the formation of Gradient
Libraries (one composition but with different microstructures), and Experimental
measurements to determine properties and material behavior.? The overarching idea
for HTMD is to get as much data, relevant to the desired properties of the end need,
in as few tests and with as little material as possible. For this report, the focus is
going to be on Step 4: the formation of gradient libraries.

Once a material composition has been decided upon, the next step is to find which
microstructure gives the desired properties and behavior. When dealing with metal
alloys, there are two ways to develop any microstructure: through the application
of thermal (heat) energy and/or the application of mechanical (work) energy.® For
forming a gradient library, it is best to separate the contributions of both energy



inputs. A thermal gradient library is formed when a sample is subjected to a
temperature gradient at a constant load, while a strain gradient library is formed
when a sample is held at a constant temperature but undergoes nonuniform
deformation (an imposed strain gradient). In both cases, the end goal is to produce
as many individual and distinct microstructures as possible within a single sample
during one test. A Gleeble physical process simulator can easily generate both types
of gradient libraries, although the focus of this report is on the formation of thermal
gradient libraries.

A Gleeble system (Dynamic Systems, Inc. [DSI]) is designed to, through the
application of heat and strain, physically simulate virtually any type of metals-
forming process. One of the key attributes of the Gleeble is it can heat metallic
samples to very high temperatures (3000 °C) very rapidly (up to 10,000 °C/s). The
Gleeble accomplishes this by the application of large amounts of AC current across
a sample, where the resistance of the sample to the current flow causes the sample
to heat up. One of the drawbacks of resistance heating is this normally leads to very
large thermal gradients along the length of the sample (but negligible thermal
gradients along the radius of the sample). During conventional Gleeble simulations,
thermal gradients are managed through either sample geometry or test setup
(primarily Gleeble grip selection).*

Long samples with a small diameter experience the largest gradients, while samples
with either larger diameters and/or shorter lengths or with a smaller diameter
(relative to the rest of the sample) gauge section—for example, a dog-bone shaped
sample—experience smaller thermal gradients.

Another way to control the current flow through a sample within the Gleeble is to
change the grip material (Fig. 2). To achieve the highest heating rates, the Gleeble
uses copper (Cu) grips because of Cu’s very high thermal and electrical
conductivity. However, the very high thermal conductivity of Cu also ensures the
ends of the sample are rapidly cooled and this increases the thermal gradient across
the sample. The steel grips in Fig. 2B are also known as “hot jaws” and are specially
designed to be less conductive through material choice (steel is less conductive than
Cu) and by design: The steel grips are designed to have less contact area with the
sample than the Cu grips and have holes machined into them to further limit their
conductivity.



Fig. 2 Cu (A) and steel (B) Gleeble grips for 10-mm-diameter samples, and highlighted red
regions (C) are the contact area for each grip; ruler is in inches

While the thermal gradients, during traditional tests, must be controlled to ensure a
uniform sample microstructure during testing, the exact opposite is true when the
goal is to develop a microstructural library. For forming microstructural libraries,
the largest gradients possible are desired to generate the most microstructures
possible in the fewest number of tests. In this report, the effects of grip choice, hold
time, and heating rate on the size of the thermal gradient generated and the resulting
variations in microstructure after cooling were investigated. The material of choice
for these experiments was 1018 steel. The 1018 is a commonly used low-carbon
steel (0.18-0.20% carbon, 0.60-0.90% manganese with iron as the balance)® that
was chosen for these experiments due to availability and ease of use.

2. Experimental

The 10-mm-diameter by 141-mm-long (50-mm-long gauge section) 1018 steel
cylinders were provided by DSI when they installed the Gleeble 3800 at the US
Army Combat Capabilities Development Command Army Research Laboratory.
Each cylinder was lightly scrubbed with a Brillo pad to remove surface rust and
scale. K-type thermocouple leads were then percussion-welded to the sample to
create four thermocouples. In each sample, the thermocouples (TCs) were tracked
as TC1, TC2, TC3, and TC4 (Fig. 3). TC1 was the thermocouple nearest to the
moving grip in the Gleeble (Fig. 4) while TC2 was always in the middle of the
sample. The Gleeble was told to use TC2 to measure the sample temperature and
control heating while TC1, TC3, and TC4 were used only to monitor and record
temperature data. Because TC2 is the control thermocouple, it always read the
highest temperature in these experiments. TC3 was 5 to 10 mm to the right of TC2
(between TC2 and TC4), while TC4 was always the thermocouple nearest to the
grip on the stationary end. TCs 1 and 4 were always 5 to 7 mm away from the
nearest contact point between the Cu grips and the sample. For the steel grips, TCs
1 and 4 were always 5 to 7 mm away from the outermost edge of the grip. Due to



the reduced contact area of the steel grips, this ended up being approximately 25
mm from the contact point between the grips and the sample. After welding,
alumina wire guards were slid down the leads and over the bare wire, making the
thermocouple junctions to prevent the wires from contacting one another and
shorting out. The sample was then loaded into the Gleeble.

N

Fig.3  Sample using Cu grips with TCs welded on, ready to load into Gleeble

Thermocouple hookups
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Fig.4  Sample using Cu grips loaded into Gleeble

After loading the sample, the test chamber was pumped down to a vacuum level of
1076 torr and allowed to sit there for 15-20 min. Each sample was heated to 1200
°C at a heating rate of 5, 10, or 20 °C/s and held at temperature for either 0 or 30 s
before cooling. A temperature of 1200 °C was chosen to ensure that sample’s
microstructure would have some austenite formation before cooling (much longer
hold times than 30 s are needed to ensure full transformation).> Cooling was



accomplished by having the Gleeble turn off the heating current; it was monitored
for 60 s but not controlled. Finally, for each run the Gleeble was told to maintain a
load of 0 kilograms of force. Data collected during the testing included the
measured temperature profile of the sample, the programmed temperature profile,
the power needed to heat the sample, and the load experienced by the sample during
the run.

After testing, the sample that had experienced the largest thermal gradient (Sample
3 from Table 1) was sectioned, polished, and etched (2% Nital solution) via
metallographic means prior to performing optical microscopy with a Keyence
VHX-7100.

3. Results

The experimental parameters and the measured thermal gradients are included in
Table 1 and Fig. 5. Sample 3 in the table had the highest measured thermal gradient
and is highlighted in yellow. It was observed that the largest gradients were
accomplished with the Cu grips, no hold time, and the medium heating rate.

Table 1 Experimental parameters and measured thermal gradients; highlighted row is
sample that had largest thermal gradient

Heating Delta Thermal Thermocouples Delta Thermal Thermocouples

::ﬁgli Grip H((;;d rate T max gradient used to find T min gradient used to find
(°Cl/s) (°C) (°C/mm) Delta T max (°C) (°C/mm) Delta T min

1 Cu 30 10 750 37.02 TC2-TC4 199 17.40 TC2-TC3

2 Steel 30 10 102 4.77 TC2-TCl1 28 1.35 TC2-TC3

3 Cu 0 10 805.2 40.81 TC2-TCl1 74.1 8.26 TC2-TC3

4 Steel 0 10 184.79 9.07 TC2-TC4 117.96 4.60 TC2-TCl1

5 Cu 0 20 676.76 39.01 TC2-TCl1 26.31 2.83 TC2-TC3

6 Cu 0 5 73256 3239 TC2-TC4 NA  NA LGS failed

during run

Figure 5 shows the measured temperatures from each TC during the Gleeble runs
in Samples 1 through 4. Because TC2 and TC3 were always close to one another,
there is only a small (relative) measured temperature difference between them in
each sample. Because TC1 and TC4 were always nearest to the grips (5 to 7 mm
away), although on different sides of the sample, their measured temperature
profiles are very similar. Their proximity to the grips meant the largest thermal
gradients were always measured between TC2 and either TC1 or TC4 (Figs. 6 and
7), depending whether TC1 or TC4 was closer to a grip.
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Measured temperature profiles for Samples 1-4; Sample 2 had smallest thermal

Figures 6 and 7 show the maximum temperature measured by each TC as a function
of distance from the contact point between the sample and the grip at the stationary
end of the Gleeble (Fig. 4), depending whether Cu (Fig. 6) or steel (Fig. 7) grips
were used. These figures again show the gradients are largest from the ends of the
sample to the center and that the gradients are much larger when the Cu grips are
used rather than the steel grips. Of note, the distances are larger in Fig. 7 than in
Fig. 6 because of the reduced contact area between the sample and the steel grips

(Fig. 2¢).
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Fig. 6 Measured maximum temperatures for each TC for samples tested with the Cu grips
(Samples 1, 3, 5, and 6) as a function of distance from stationary end of Gleeble
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Fig.7 Measured maximum temperatures for each TC for samples tested with steel grips
(Samples 2 and 4) as a function of distance from stationary end of the Gleeble



While the influence the grips have on the size of the temperature gradients can be
explained based on the differences in thermal and electrical conductivity of the two
grip types, the influence of heating rate on the size of the thermal gradients is
trickier to ascertain. This is seen by the fact that with heating rates of 5, 10, and 20
°C/s the middle heating rate generated the highest thermal gradients, but this may
be an artifact from the duration of each run. Because these runs did not use either
hold times or controlled cooling to ensure each experiment ran for the same amount
of time, the duration of each experiment was different; as the heating rate doubled
for each run, the duration of each run was halved. This is illustrated in Fig. 8 by
overlaying the heating power output from the Gleeble during an experiment with
the programmed temperature profiles for the samples with different heating rates.

3.00% 1400
——Sample 3: Heat
j i Power 10 C/s
2.50% |
Sample 5: Heat
1000 Power 20 C/s
= 2.00%
a —
£ g ——Sample 6: Heat
o 800 K Power 5C/s
g 2
2 1.50% g
e ) Sample 3 TC2
= 600 —
@ 3 Temperature
& 1.00%
400 Sample 5 TC2
Temperature
0.50%
Lo 200 e Sample 6 TC2
‘ Temperature
0.00% =4 0
0 50 100 150 200 250

Time (s)

Fig. 8  Gleeble heat power (power output) as a function of time overlaid on the programmed
thermal profile, as controlled by TC 2, for Samples 3, 5, and 6 run with the Cu grips, no hold
time, and heating rates of 5, 10, and 20 °C/s

Figure 8 shows that without incorporating hold times or controlling the cooling rate,
it is not possible to separate the influences of heating rate and experimental
duration. However, as seen in Table 1 and Fig. 5, hold times can decrease thermal
gradients. In theory, faster heating rates should lead to larger gradients because
there is less time for the sample to reach a thermal equilibrium. However, faster
heating rates in the Gleeble mean shorter test duration and less time for the
gradients to develop, while slower heating rates mean less current and smaller
gradients due to longer test durations allowing for equilibrium. It is probable that,



for any three chosen heating rates that are multiples of one another (i.e., 5, 10, and
20 or 3, 6, and 9), the middle heating rate, without hold times and controlled
cooling, may always provide the largest thermal gradients due to a balance between
power applied to the sample and test duration.

With the establishment of the thermal gradient across the sample, the next step is
to figure out what the temperature is throughout the sample at points other than
where direct measurements were made (i.e., at the points where there were no TCs).
The easiest way to do this is with a simple curve-fitting function, such as in Excel.
Using Sample 3 from Table 1, a plot of the maximum temperature measured by
each TC was created and fitted with a trend line in Excel (in this case, a second-
degree polynomial). The equation for the trend line can be used to solve for the
temperature at any point along the curve, as illustrated in Fig. 9. However, for this
to work there are several things to note and assumptions to make: 1) the x-axis has
to be taken as distance between the TC positions and the control TC (in this case
TC2) because the control TC will always be the hottest point on the sample; 2) the
R? value must be very close to 1 to assume a usable fit; 3) the control TC is at the
center of the sample’s gauge length; 4) the point(s) of interest within the sample
fall within the section of the sample among the TCs; and 5) the sample has a
uniform cross-sectional area and composition.

This is a rather simplistic approach to take, and using a more robust analytical
solution (for example, a Finite Element Model) could produce more accurate results
and provide a more fundamental understanding of what is occurring within the
sample. Alternatively, a thermal imaging system could also be used to measure,
rather than calculate the sample temperature at each point along the sample,
assuming the thermal camera being used has good enough resolution.

* Since TCI1 was to the left of TC2 and was the only thermocouple near the moving jaw of the
Gleeble (Fig. 4), it was arbitrarily given a negative distance from TC2.
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Fig. 9  Maximum temperature measured by each TC for Sample 3 as function of distance
away from control thermocouple (TC2 taken as x = 0)

Although not included here, it should be noted the data from samples where the
steel grips were used was not as easily fit as the points in Fig. 9. The ease and
quality of the data fit, for all samples, would be increased through the acquisition
of more discrete data points (from using more TCs or from using other, additional,
thermal-measurement tools) or possibly from using different distances among the
TCs (either farther apart or nearer to each other).

With the establishment of a temperature—position relationship, the last step is to
match the temperature—position relationship with the microstructures generated
during the experimental run. Since Sample 3 had the largest thermal gradient, it was
chosen as the sample to be sectioned and polished for microstructural evaluation.
Figure 10 is a low-magnification image of the entire sample and has been labeled
to show where in the bulk of the sample the higher-magnification images used to
make Figs. 11-14 were taken.

Fig. 10 Low-magnification image of Sample 3 after metallographic preparation showing
where in the sample the TCs were attached and where the higher-magnification images (Figs.
11-14) were taken

10



TC4 TC3 TC2 TC1

Middle

Fig. 11 Higher-magnification images of Sample 3

Fig. 12 Blown-up versions of middle images in Fig. 11: yellow boxes block off precipitates
seen throughout the sample while red circles are example areas of pearlite
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Fig. 13 High-magnification images showing differences in the pearlite throughout sample

Fig. 14 High-magnification images showing the precipitates in Fig. 12

From Fig. 11 it is evident there are different microstructures along the length of the
sample (running from TC1 to TC4) but also along the radius of the sample (running

12



from the top of the sample to the bottom of the sample) that is made up of pearlite,
ferrite, and a precipitate (most likely manganese sulfide). The microstructures on
the top and bottom of the sample are the same, but look underdeveloped compared
with the microstructure in the center of the sample. These differences may have
been caused by various surface effects: the surface of the sample losing heat via
radiation faster than the center of the sample, or the sample’s surface having a
slightly different chemistry due to surface oxidation. Due to these differences, the
microstructural analysis is going to be based on how the microstructure in the
middle section of the sample varied along the length of the sample.

Figures 12 and 13 show that the precipitates and pearlite are aligned with the ferrite
grains in the regions around TC1 and TC4. However, in the higher-temperature
regions (TC2 and TC3), the pearlite regions are much more randomly orientated
while the precipitates appear to retain their alignment. This change in orientation
may be due to the ferrite grains beginning to transform to austenite at higher
temperatures (above 740 °C, Fig. 15). At higher magnification in the TC2 and TC3
regions, it appears that the pearlite phase has undergone some dissolution; had the
sample been held above the eutectic (approximately 727 °C) for a longer period of
time, the dissolution would have been complete. Figure 14 illustrates the precipitate
phase and shows that a lot of them were pulled out during polishing. The figure
also shows that they were largely unaffected by the thermal gradients.

Carbon, at.%
1 2 3 4 5 6 7 8 9
1180 T T T T T T T T
1154°C —>=iz..=f 2125
1140 } A
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Fig. 15 Iron—carbon phase diagram (adapted from the Metals Handbook®); red line roughly
indicates carbon content in 1018 steel

The micrographs show how the application of thermal gradients generate multiple
microstructures within a single sample work. However, the micrographs also show

13



more care needs to be used to properly develop these experiments. For example, a
longer hold time at temperature to ensure austenite formation followed by a quench
would have produced a great array of different microstructures that would have
been more pertinent to material development, as opposed to the work presented
here being a proof-of-concept demonstration.

4. Conclusions

While the Gleeble has been well established in industry as an important tool in alloy
development, it is generally not considered a high-throughput tool as most Gleeble
simulations use one sample to create one data point. Here, using 1018 steel as an
example material, this report has shown how the Gleeble can contribute to HTMD
through the development of microstructural libraries. After the development of
these libraries, the next steps would generally be a screening of each discrete
microstructure through a high-throughput method to determine mechanical
properties (for example, nano-indentation) or to use advanced modeling tools to
predict the behavior of each microstructure. While the 1018 steel used here was a
very simple material and only produced a few, relatively simple microstructures,
this method can work for any alloy system.
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AC alternating current
ARL Army Research Laboratory

DEVCOM  US Army Combat Capabilities Development Command

DSI Dynamic Systems, Incorporated

Cu copper

HTMD High-Throughput Materials Development
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