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Abstract 

Determination of flow stress behavior of materials is a critical 

aspect of understanding and predicting behavior of materials 

during manufacturing and use.  However, accurately capturing 

the flow stress behavior of a material at different strain rates and 

temperatures can be challenging. Non-uniform deformation and 

thermal gradients within the test sample make it difficult to 

match test results directly to constitutive equations that describe 

the material behavior. In this study, we have tested AISI 9310 

steel using a Gleeble 3500 physical simulator and Digital Image 

Correlation system to capture transient mechanical properties at 

elevated temperatures (300oC – 600oC) while controlling strain 

rate (0.01 s-1 to 0.1 s-1).  The data presented here illustrate the 

benefit of capturing non-uniform plastic strain of the test 

specimens along the sample length, and we characterize the 

differences between different test modes and the impact of the 

resulting data that describe the flow stress behavior.  

Introduction 

Deformation behavior for a given ductile metal is dependent on 

temperature, strain rate, and prior processing.  Understanding 

the flow stress and deformation behavior is useful for 

manufacturing process sequences and specific thermal and 

mechanical parameters.  However, measurement of the flow 

stress at a range of temperatures and strain rates can be 

challenging.  In particular, it can be difficult to control all test 

parameters precisely as well as to capture the material behavior 

during non-uniform deformation and when thermal gradients 

are present. 

The importance of accurately capturing such in-process 

materials properties is well established. Prediction of materials 

behaviors using finite element (FE) methods during 

manufacturing has become a primary focus of many aerospace 

industry companies.  However, accuracy of FE models is 

limited by the accuracy and richness of the materials data 

supplied as input. Of particular interest is an ability to 

accurately model thermal and mechanical processes of alloys at 

high temperatures and a wide range of strain rates.  Assessing 

the material behavior at various conditions provides a 

foundation for predicting material behavior at any processing 

condition. 

One method for determining deformation behavior of ductile 

alloys is through mechanical testing at different temperatures 

and strain rates in order to identify parameters for accepted 

constitutive relationships.  One such relationship is the 

Johnson-Cook (JC) material model.  This model is often 

described mathematically as: 

Part I   Part II   Part III 

Where,  is the flow stress, A is the yield stress of the material 

at a reference condition, B is the strain hardening coefficient, n 

is the strain hardening exponent, C is the strain rate sensitivity 

coefficient, and m is the thermal softening exponent.  In this 

model, strain hardening (Part I), strain rate sensitivity (Part II), 

and thermal softening (Part III) are each considered [1].  The 

general trend for most ductile alloys is that strain hardening is 

positive (at higher strains, strength increases), as strain rate 

increases, strength also increases, and as temperature increases, 

strength decreases.  The JC model has been heavily applied 

across a wide range of engineering alloys under many loading 

conditions, and there is considerable focus on steel alloys in the 

literature [2]-[7].  However, the model does not consider all 

softening mechanisms that can occur during straining.  In 

particular, the model does not consider dynamic 

recrystallization and dynamic grain growth.  Other models 

consider these mechanisms that may contribute to softening or 

strengthening, including the Baman-Chisea-Johnson model and 

the EMMI models [8],[9].  The literature and landscape quickly 

thicken with complementary and competing models of the flow 

stress behavior of materials. 

Regardless of the constitutive relationship or model under 

consideration, the collection of materials data is fundamental to 

our understanding of the behavior.  In this study we have 

captured flow stress materials property data for AISI 9310 steel 

under a range of temperature and strain rate conditions.  We 

have considered a range of experimental conditions that can 

influence the results and our interpretation of the materials 

behavior.  This may serve as a guide for future studies that 

attempt to capture such properties experimentally. 

Methods 

The primary method for characterizing the flow stress behavior 

of our AISI 9310 steel samples was with a Gleeble 3500 

physical simulator.  This instrument allows control of specimen 

temperature, stroke position, and strain rate while monitoring 

load.  In addition, we used a Correlated Solutions Digital Image 
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Correlation system to monitor strain along the entire specimen 

length during testing. 

 

Gleeble Sample Preparation 

AISI 9310 steel rods normalized to AMS 6265 were machined 

to round tensile samples with dimensions as indicated in Figure 

1. The reduced diameter region of the samples was lightly 

sanded with fine 600 grit SiC paper and wiped down with 

ethanol to remove any oxides and oils from prior handling in 

preparation for thermocouple attachment. Two 30 AWG type K 

thermocouples (TC) were spot welded to the specimens using a 

DSI 35200A thermocouple welder kit at 34V. As indicated in 

Figure 1, TC1 was placed at the approximate center of the 

sample to drive the temperature control, and TC2 was placed at 

the “off-center” position to capture the thermal gradient. The 

position of TC2 varied among the tests, and the purpose of the 

second TC was to determine the thermal gradient along the 

length of the specimen. Measurements of TC placement were 

taken using a Holex digital caliper.  

 

(a)  

(b)  

Figure 1. Samples were prepared for Gleeble testing by 

attaching two Type K thermocouples as indicated here. (a) 

sample geometry is shown with reduced diameter section along 

a 17 mm gage length. TC1 was attached at the mid-point, and 

TC2 was attached off-center.  Thermocouple #1 (TC1) was 

always selected to set the target temperature of the sample, 

while thermocouple #2 (TC2) was used to monitor the 

temperature distribution during testing. (b) The sample in place 

in the Gleeble fixture is shown. 

 

The reduced diameter section was of sufficient length (17 mm) 

to maximize the test region in the Gleeble fixture while also 

creating a region of uniform temperature for testing.  The 

specimens for Gleeble testing are heated through direct 

resistance heating (Joule heating effect) and the copper sample 

blocks are chilled to ensure proper electrical contact and enable 

sample cooling.  There is necessarily a thermal gradient along 

the length of the sample. 

 

 

 

Gleeble Test Conditions 

Samples were pulled in uniaxial tension under vacuum (0.51 

Torr).  While this study has included test temperatures of 300oC 

to 600oC and strain rates of 0.01 s-1 to 1 s-1, we report here only 

the 300oC results due to space constraints.  The heating rate was 

set to 10oC/sec, and temperature was held for up to 60 seconds 

for stabilization prior to straining.  Tests were conducted in both 

stroke control and strain rate control modes. 

 

In stroke control mode, the Gleeble is instructed to move the 

sample grips, which are mounted on a piston, in a single 

direction at a specified rate.  In strain rate control mode, the 

desired strain rate is specified, and the machine is in a dynamic 

testing mode where it is constantly adjusting the stroke based 

on feedback from an external micrometer device, such as a C-

Gauge or optical micrometer.  For this study, strain feedback 

was provided through Keyence optical micrometer 

incorporated into the Gleeble system.  Additionally, Digital 

Image Correlation (DIC) was used to monitor strain during 

testing. 

 

In the present study, six tests were conducted at 300oC with a 

target strain rate of 0.05 s-1.  The test conditions are reported in 

Table 1. Test 6032 produced thermal gradient data, but the 

strain data rendered the flow stress results unusable. 

 

Table 1. Test conditions for the results reported here. 

Sample Number Control Mode DIC 

6028 Strain No 

6031 Stroke No 

6032 Stroke No 

6033 Stroke Yes 

6034 Stroke Yes 

6035 Strain Yes 

 

 

Digital Image Correlation (DIC) 

DIC is a non-contact technique used to capture strain 

measurements during deformation. During mechanical testing, 

two cameras are positioned at a fixed angle to view the sample. 

Images are collected to capture strain in the specimen, and 

subsequent analysis of the images allows quantification of 

strain as a function of time and position along the specimen.  

We used a Correlated Solutions system with VIC Snap and VIC 

3D software. 

 

Setting up a test for DIC capture requires that the specimen 

contain a randomized speckle on the viewable surface.  Samples 

were painted with high temperature white base coat and high 

temperature black speckle coat as illustrated in Figure 2.  

Thermocouple wires were attached prior to painting, and 

considerable care was taken to ensure that the paint only 

covered the reduced diameter portion of the samples by 

masking off the ends with tape.  The speckle coating must be 

uniform and include a fine enough random speckles to ensure 

that the strain magnitude of interest is measurable by the 

system. 

 

197

Downloaded from http://dl.asminternational.org/heat-treating/proceedings-pdf/HT 2021/84147/196/541539/ht2021p0196.pdf
by guest
on 14 February 2022

DISTRIBUTION STATEMENT A. Approved for public release (PA): distribution is unlimited. 



 
Figure 2. Specimen with speckle coating applied (specimen 

diameter is 3 mm). 

 

With the specimen in place in the Gleeble fixture, the DIC 

cameras were positioned to view the sample from the back side 

of the Gleeble 3500.  Cameras were angled at 20-25o apart. The 

lighting, focus, aperture, and exposure were each adjusted to 

ensure adequate view of sample.  After the cameras were setup, 

the DIC was calibrated to the specific configuration using a 

3mm grid.  After setup and calibration, the DIC was started 

seconds before the Gleeble tests began to ensure the entire test 

was captured. 

 

The DIC images were evaluated using the VIC 3D software.  

Correlation between images at several locations along the 

sample were manually confirmed, and rigid body motion was 

subtracted prior to calculating the true transverse strain.  Strain 

is reported here at specific locations along the specimen.  In 

particular, we report the strain at the thermocouple 1 (TC1) and 

thermocouple 2 (TC2) positions.  The DIC data was synched to 

the Gleeble output data based on the image time stamps and the 

onset of strain in the specimen. 

 

Results 

One of the key challenges to capturing flow stress data for 

materials at elevated temperatures is the need to consider the 

inevitable thermal gradients that are present in the specimen.  

Figure 3 shows the thermal distribution along the reduced 

diameter section of the test specimens for all of the tests 

reported here.  The TC1 thermocouples are indicated, and it is 

important to note that these are the reference thermocouples for 

each test.  This means that the Gleeble is controlling 

temperature based off of these thermocouple values, so each 

TC1 result should be at or very near the set point of 300oC.  The 

TC2 thermocouples are distributed along the specimens, and 

while the distribution in Figure 3 illustrates excellent clustering 

of the temperature at the middle of the reduced diameter 

section, any given test only included two thermocouples.  These 

TC1/TC2 pairings are indicated in Figure 3 by the color coding.  

Taken together, these data suggest that there is a rapid decline 

in temperature away from the TC1 location.  Within 4mm, the 

temperature can drop by almost 30 degrees.  Additionally, these 

data represent the temperature distribution prior to testing the 

sample.  During testing, some samples experienced rather high 

adiabatic heating, resulting in greater thermal gradients and 

temperature fluctuations.  These variations are apparent in the 

charts that follow. 

 

Because of the generally accepted behavior of ductile alloys 

described above, one might expect that the region with the 

highest temperature will also be the region of highest 

deformation and fracture.  However, this was not necessarily 

the case.  In Figure 4, three of the test specimens are shown.  

From these images it is clear that necking and fracture did not 

correlate well with the highest temperature location.  The non-

uniform temperature certainly influenced the deformation 

behavior of the samples, but it was not the only factor at play. 

 

(a)  

 
(b) 

Figure 3. (a) Temperature distribution along the reduced 

diameter section.  The schematic of the specimen is aligned with 

the position scale in the chart to illustrate the relative position 

of the thermocouples.  TC1 was located between 61.74 mm and 

63.42 mm along the length of the 125 mm samples.  TC2 was 

positioned on the left or right of TC1 for the tests. (b) One of 

the specimens with thermocouple wires welded in place is 

shown. 

 

(a)  

(b)  

(c)  

Figure 4. (a) 6032 fractured specimen with TC2 positioned on 

the left. (b) 6034 fractured specimen with TC2 positioned on the 

right. (c) 6035 fractured specimen with TC2 positioned on the 

left. 

 

Typical Gleeble output data will allow determination of strain, 

stress and temperature throughout the test period.  In Figures 5 

and 6, these data are reported.  Figure 5 shows the strain rate 

controlled sample 6028 results and Figure 6 shows the stroke 

controlled sample 6031 results.  In the strain rate control mode, 
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it is clear that there are actually four different strain rate regions, 

and each will impact the flow stress behavior of the material 

differently.  The initial rapid strain rate results in rapid stress 

increase and as the strain rate decreased, the stress dropped in 

both tests.  This behavior qualitatively matches the expectation 

that rapid strain rates result in higher strengths. 

 

 
Figure 5. Sample 6028, strain rate control mode.  Strain 

measured by optical micrometer for the Gleeble system. Note 

that the temperature at TC1 and TC2 locations were stable, but 

the strain rate varied. 

 

 
Figure 6. Sample 6031, stroke control mode.  Strain measured 

by optical micrometer for the Gleeble system. Note that the 

temperature at TC1 and TC2 locations fluctuated slightly 

during the test, but the strain rate was very stable. 

 

Plotting the flow stress from these tests can be misleading when 

taken out of the context of variable strain rate and thermal 

gradients in the sample.  Figures 7 and 8 show the stress and 

inverse strain rates for these tests, and it is clear that the flow 

stress behavior is markedly different depending on the strain 

rate throughout the test.  Further, the prior strain rate appears to 

influence the subsequent flow behaviors during the test.  Both 

tests show that the transition from the initially high strain rate 

to the much lower (and more stable) strain rate results in a dip 

in stress.  This is most likely due to recovery in the specimen 

due to the elevated temperature.  The target strain rate for both 

tests was 0.05 s-1, but the actual strain rate varied from as high 

as 2.26 s-1 during initial loading to as low as 0.06 s-1 during 

necking just before fracture. 

 

 
Figure 7. Sample 6028 showing flow stress behavior and 

inverse strain rate.  Strain rates for the four identified regions 

are indicated. 

 

 
Figure 8. Sample 6031 showing flow stress behavior and 

inverse strain rate.  Strain rates for the two regions are 

indicated. 

 

Tests 6033, 6034, and 6035 were conducted with the DIC 

system.  This method of examination proved highly valuable 

when determining variation in strain along the length of the 

specimens during testing.  Figure 9 illustrates the relative 

transverse strain distribution along the reduced diameter length 

for specimen 6035.  Note that there is much greater strain to the 

right of TC1 even though this image reflects sample 

deformation prior to necking.  The location of fracture for this 

specimen aligns with the region in red for Figure 9 (see Fig. 4c 

for comparison). 

 

 
Figure 9. Sample 6035 showing relative strain along the sample 

length.  Red indicates highest region of strain. 
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Figures 10, 11 and 12 illustrate the output data verses time 

including both the Gleeble data and the strain at TC1 and TC2 

positions as determined using the DIC system.  Notice that 

while the general trends for strain and stress values determined 

from the DIC results match the Gleeble data well, the specific 

values are quite different.  In particular, Figure 10 showing 

sample 6033 shows that the strain at TC2 position is much 

higher than TC1 position even though the temperature value is 

very close.  In Figures 11 and 12, the strain at the TC1 location 

is greater, and Figures 13 and 14 show corresponding DIC 

images at points during uniform elongation and at necking.  In 

both of these tests, necking occurred adjacent to the TC1 

location, and it is clear that the higher strain noted at the TC1 

location relates to its proximity to the eventual point of necking 

(perhaps more than the temperature difference between TC1 

and TC2). 

 

 
Figure 10. Sample 6033, stroke control mode.  Strain measured 

by DIC system along the entire sample length. Note that the 

temperature at TC2 fluctuated slightly during the test, but the 

strain rate at TC1 location was very stable. 

 

 
Figure 11. Sample 6034, strain control mode.  Strain measured 

by DIC system along the entire sample length and the Gleeble 

optical micrometer between TC1 and TC2. Temperature was 

stable during the test. The strain at all measured positions was 

consistent. 

 

 
Figure 12. Sample 6035, stroke control mode.  Strain measured 

by DIC system along the entire sample length and the Gleeble 

optical micrometer between TC1 and TC2. Temperature was 

stable during the test. The strain at TC1 position was much 

higher than the strain at TC2 and at the point where the Gleeble 

optical micrometer was set. 

 

(a)  

(b)  

Figure 13. DIC images for sample 6034 during uniform 

elongation (a) and after onset of necking (b). 

 

(a)  

(b)  

Figure 14. DIC images for sample 6035 during uniform 

elongation (a) and after onset of necking (b). 
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The corresponding flow stress curves for samples 6033, 6034, 

and 6035 are shown in Figures 15 – 17.  Here we see that there 

are similar strain rate transitions in sample 6033, but samples 

6034 and 6035 had more uniform strain rate.  An additional 

challenge that is apparent from these charts is the noise in the 

optical micrometer measurement and the lack of data points 

from the DIC system.  In two of the tests (6034 and 6035) the 

frame rate was insufficient and resulted in gaps in the strain 

observation during testing. 

 

 
Figure 15. Sample 6033, showing flow stress behavior and 

inverse strain rate at TC1 and TC2 positions.  Notice that strain 

rates for the two regions at each of the TC locations are 

indicated. 

 

 
Figure 16. Sample 6034, showing flow stress behavior from the 

Gleeble optical micrometer and at TC1 and TC2 positions 

measured by DIC. 

 
Figure 17. Sample 6035, showing flow stress behavior from the 

Gleeble optical micrometer and at TC1 and TC2 positions 

measured by DIC. 

 

With the flow stress curves presented here, it is possible to 

determine strain hardening behavior for the AISI 9310 material.  

Table 2 summarizes the strain hardening coefficient (JC 

parameter, B) and the strain hardening exponent (JC parameter, 

n).  As indicated in this table, the values cannot be taken at face 

value.  Instead, this illustrates the need for further validation of 

the flow stress results.  The very high strain hardening 

coefficient and exponent from sample 6028 is likely due to the 

rapid initial strain rate (2.26 s-1) prior to the stable strain rate of 

0.015 s-1.  Sample 6033 and the DIC determined strains for 

samples 6034 and 6035 indicated that softening mechanisms 

are at play in these specimens. 

 

Test 
Measurement 

Location 

Strain 

Rate 
B (MPa) n 

6028 Gleeble 0.015 2198 0.7 

6031 Gleeble 0.015 1543 0.183 

6033 DIC - 1 0.002 440 -1.92 

6033 DIC - 2 0.015 439 -0.212 

6034 Gleeble 0.027 1323 0.108 

6034 DIC (1 & 2) 0.03 781 -0.014 

6035 Gleeble 0.027 1219 0.076 

6035 DIC (1 & 2) 0.05 664 -0.063 

 

 

Conclusion 

As gathered from the results previously stated, there is more to 

be understood of the relation of properties and processing 

parameters of AISI 9310 steel. When temperature, strain and 

strain rate all vary, the influence on deformation behavior is not 

direct. When solely observing the relation of temperature and 

deformation, areas of the sample where the temperature 

increased were not necessarily where necking occurred, as 

indicated in Figure 4a-b. This observation is contrary to 

expected behavior.  Additionally, temperature is influenced by 
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the deformation of the material. As indicated by Figure 6 and 

Figure 10, variation in temperature is evident during testing. 

 

When examining the flow stress behavior, it was determined 

that the material strength was influenced by the strain rate. In 

regions of higher strain rate, an increase of strength was evident 

as indicated in Figure 6 and Figure 7. This observation is in 

good agreement with the expected outcome that higher strain 

rate results in greater strength.  

 

However, it is important to take into consideration the 

nonuniform distribution of temperature and strain along the 

length of the sample, as this influences the interpretation of the 

resulting data and our prediction of the material’s behavior. As 

indicated in Figures 13a and 14a, uniform elongation is present 

in the beginning of the tests, but necking and failure occur in 

somewhat unpredictable locations that do not necessarily 

correspond to placement of thermocouples or extensometers.   

 

Furthermore, when comparing results from the Gleeble and 

DIC, it is important to note the discrepancies in the stress-strain 

curves. As indicated in Figures 15 and 16, variation is exhibited 

in the flow stress curves due to the noise in the optical 

micrometer measurements associated with the Gleeble.  On the 

other hand, the strain measurements gathered from the DIC 

system are insufficient due to the lack of data points. Due to 

these inconsistencies, the values cannot simply be entered into 

the JC or other model as-is.  

 

In conclusion, comprehensive evaluation of non-uniform strain 

and temperature gradients along the specimen during flow 

stress testing can provide valuable insight to the real materials 

behavior.  Such detailed observation of materials behavior is 

useful when establishing predictions and determining 

parameters for constitutive relationships describing mechanical 

behaviors.  
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