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Abstract 

 

Construction and Validation of a Hot Torsion Testing Instrument 

 

Andrew James Weldon, M.S.E. 

The University of Texas at Austin, 2014 

 

Supervisor:  Eric M. Taleff 

 

The need to increase vehicle performance, particularly fuel efficiency, has led to 

an increased interest in using lightweight metals for vehicle structural 

components.  Lightweight aluminum alloys offer the potential to significantly reduce 

vehicle mass when structural components that use steel are replaced.  Mass reduction is a 

very efficient route to increase vehicle performance.  In vehicles with traditional 

powertrains, mass reduction can increase fuel efficiency.  In vehicles with electrical 

powertrains, mass reduction can increase driving range.  Regardless of the specific 

structural application, the best performance of any aluminum alloy is only obtained by 

achieving a microstructure that produces the best material properties.  For wrought 

aluminum alloys, hot and cold deformation steps are critical to obtaining a desirable 

microstructure prior to the forming of a final component.  For sheet material, the first step 

in controlling the final microstructure is microstructure evolution during hot rolling  the 

cast ingot material.  Hot rolling precedes cold rolling of the sheet to final thickness in 

most commercial sheet manufacturing operations.  Microstructure during hot rolling is 

difficult to study because it requires a combination of high temperatures, fast strain rates 
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and large strains to do so.  Furthermore, specimens for microstructural examination must 

be extracted from these conditions while retaining the characteristics of the specific 

conditions that are to be studied.  Hot torsion testing is the traditional approach to 

meeting these experimental requirements.  In this investigation, a new hot torsion testing 

instrument is designed, fabricated and validated to enable future experiments that will 

elucidate microstructure evolution under conditions pertinent to hot rolling.  This new 

instrument is integrated with computerized control and data acquisition 

systems.  Validation experiments were conducted to characterize its capabilities.  It is 

concluded that the completed instrument meets the requirements necessary to study 

plastic deformation and microstructure evolution in aluminum alloys under conditions 

relevant to hot rolling. 
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I.  INTRODUCTION 

 

1.1. PURPOSE OF STUDY 

The U.S. Energy Information Administration’s (EIA) Monthly Energy Review for 

December 2013 states that over 65% of total U.S. oil is consumed by personal vehicles 

[1]. This daunting statistic places a heavy emphasis on finding solutions to increase 

vehicle fuel efficiency in the near future. One way of increasing fuel efficiency is to 

reduce vehicle weight. It was estimated by the U.S. Department of Energy (DOE) that a 

10% reduction in vehicle weight produces fuel savings of roughly 7% [2]. Statistics like 

these led to increased interest in the use of lightweight metals for vehicle manufacturing. 

Light alloys of aluminum are commonly used for interior and exterior vehicle parts. 

Because of their high strength and good formability, aluminum alloys are an important 

asset to the automotive industry. Sheets of aluminum are formed into side panels, trunk 

closures, and hoods for vehicle bodies [3]. However, before the sheet material is formed 

into a desired shape, it must first be rolled to a desired thickness. Ingots of aluminum are 

typically annealed in a furnace prior to rolling. Annealing allows alloy constitutes to 

diffuse, giving the material a more homogeneous composition. The ingots are then rolled 

at elevated temperatures between 300°C and 500°C. This process is known as hot rolling. 

Once hot rolling is complete, the material is cold rolled to give it additional strength and 

further reduce its thickness. Subsequent annealing treatments may follow to ensure the 

desired microstructure is attained [4].  



2 

 

During the hot rolling process, microstructure changes dramatically with each 

rolling pass. Highly deformed microstructures can recover and recrystallize during and 

between rolling steps. If the aluminum manufacturing process is to be improved, a better 

understanding of microstructure evolution during hot deformation is necessary. 

Improvements made in the hot rolling process could lead to better microstructure 

refinement and potentially reduce the amount of cold work needed after hot rolling, thus 

reducing cost. Before addressing ways to better attain microstructure refinement, it is 

crucial to understand the recovery and recrystallization processes. 

 

1.2. INTRODUCITON TO RECRYSTALLIZAITON 

When a metal (in our case aluminum) is deformed, dislocations are generated 

within the material and begin to cluster and tangle together. These dislocation clusters 

store energy and provide additional strength to the material. Heating the material for 

annealing increases atomic activity and leads to dislocation movement. Dislocation 

movement during annealing reduces stored energy by two primary means: the 

annihilation of dislocations and the reordering of dislocations into subgrains. In these 

ways, dislocation movements attempt to “recover” the material to the prior “softer” state 

that existed before deformation [5]. Aluminum alloys are known for having a high level 

of recovery in hot working, largely a result of their high stacking fault energies [6]. 

While recovery is fairly homogeneous in that it occurs similarly throughout a 

microstructure, recrystallization is a more complex process. Recrystallization is the 

formation and growth of new strain-free grains within a deformed microstructure. This 
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phenomenon may occur under static (post deformation) or dynamic (during deformation) 

conditions and usually occurs in two stages: nucleation and grain growth. It is important 

to note that the term “nucleation” used when discussing recrystallization does not refer to 

an embryonic nucleation. There is typically a small preexisting nucleus within the 

deformed microstructure where the grain initiates growth. Although “initiation site” is a 

more accurate description of this phenomenon, the historically accepted term nucleation 

will be used throughout this document [5]. 

In order to study microstructure evolution during the hot rolling process, a means 

for experimentally simulating the process is necessary. However, one important question 

arises: how can hot rolling be simulated? Rolling processes can reach large strain rates of 

up to 100 s
-1

. These strain rates are much faster than those typically achieved in tensile 

tests, which rarely exceed 10
-2

 s
-1

 [7]. Thus, an alternative to tensile testing must be 

sought out. For the past 50 years, torsion test machines have been used to physically 

simulate commercial rolling [6]. Torsion test machines use rotational motion to test 

materials in shear. Although there is a wide variety of make-ups and designs, most 

torsion machines are capable of producing large strains similar to those produced during 

rolling. Design, construction, and validation of a torsion testing apparatus are the primary 

goals of this study. 
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1.3. LITERATURE REVIEW 

1.3.1. Static Recrystallization and Its Mechanisms  

Static recrystallization occurs during static annealing following cold deformation. 

Deformed material holding strain energy is annealed at elevated temperatures to initiate 

recrystallization. Prior research has advanced the understanding of mechanisms 

responsible for recrystallization in metals. This section outlines some of the important 

mechanisms that lead to static recrystallization in aluminum and its alloys. 

 

1.3.1.1. Particle Stimulated Nucleation 

Particle stimulated nucleation (PSN) of recrystallization (RX) arises from hard 

particles, typically greater than 1 µm, trapped within a deformed material. During 

deformation, there is incompatibility of plastic flow between the hard particles and the 

softer matrix. This incompatibility causes intense strain fields to develop in the matrix 

around the particle. The dislocation cells produced in heavily deformed material near 

particles have boundaries with high dislocation densities and relatively high 

misorientations, making them good nucleation sites for RX. Examples of the PSN 

mechanism include Al-Mg-Mn alloys with Al6Mn particles and Al-Si alloys with Si 

particles [6]. Similar particles from impurities may also give rise to PSN of RX in 

commercially pure aluminum. PSN of RX produces a fairly randomly oriented 

crystallographic texture [5].  
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1.3.1.2. Shear Banding 

Another mechanism responsible for recrystallization in aluminum alloys is shear 

banding. Instabilities during cold rolling can produce regions of intense strain oriented at 

approximately 35º to the rolling plane. These regions, called shear bands, are commonly 

found in Al-Mg alloys. Shear bands in Al-Mg alloys are promoted by magnesium in solid 

solution, which also reduces the amount of recovery during and after deformation by 

decreasing the stacking fault energy. Reducing the amount of recovery increases the 

likelihood of recrystallization at elevated temperatures. Nucleation sites are thought to 

occur at the intersections of shear bands because these regions have high strain energy. 

The crystallographic texture of the recrystallized grains depends heavily on the amount of 

deformation. For small amounts of reduction (< 90%), the characteristic cube texture 

from cold rolling remains after recrystallization. However, as the amount of deformation 

increases, recrystallized grains at shear bands become more randomly oriented [5].   

 

1.3.1.3. Strain Induced Grain Boundary Migration 

Strain induced grain boundary migration (SIBM) is another mechanism 

responsible for recrystallization of aluminum alloys under smaller amounts of 

deformation. In SIBM, preexisting grain boundaries bulge into grains with greater 

dislocation densities. This produces new strain-free grains having orientations similar to 

old grains from which the boundaries migrated. Because the new orientation is analogous 

to that of the old grain, SIBM creates a texture similar to that of the deformed material. 
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SIBM can be the dominant mechanism for recrystallization in hot rolled aluminum for 

reductions less than 20% [5]. 

 

1.3.2. Critical Strain Annealing  

Recrystallization can be studied through critical strain annealing. After 

deformation to a controlled plastic strain, a material is statically annealed at elevated 

temperatures to initiate recrystallization. In critical strain annealing, recrystallization does 

not occur unless a minimum critical strain is imposed during deformation prior to 

annealing. Figure 1.1 shows that below the critical strain there is not enough strain energy 

for the material to recrystallize. Once the critical strain is reached, new grains will begin 

to nucleate and grow to a coarse size by one or more of the possible mechanisms of 

recrystallization. Increasing the strain increases the number of initiation sites, which leads 

to a smaller spacing between grains. After large rolling reductions, initiation sites become 

so frequent during annealing that grain boundaries quickly meet. This creates a fine, 

stable grain structure in the newly recrystallized material [8].    

 

Figure. 1.1: Effect of cold working on recrystallized grain size. Figure is from Ref. [9]. 
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1.3.3. Dynamic Recrystallization  

Dynamic recrystallization occurs at elevated temperatures during the deformation 

process. In addition to strain, dynamic recrystallization requires thermal energy. While 

the material is deformed, new grains nucleate and grow. Sometimes new grains form at 

old grain boundaries. This is a type of discontinuous recrystallization process and often 

produces a “pearl necklace” type microstructure. Grains nucleate and grow when a 

critical strain for recrystallization is reached, just as in static recrystallization. Studying 

dynamic recrystallization is extremely difficult. Nevertheless, by creating experiments to 

isolate specific effects, dynamic recrystallization can be studied in a controlled manner 

[5].  

 

1.3.4. Geometric Dynamic Recrystallization 

 Geometric dynamic recrystallization (GDRX) is a continuous recrystallization 

process that occurs at elevated temperatures and large strains. Unlike discontinuous 

recrystallization, GDRX has no distinct nucleation or growth stages. As strain increases 

during deformation, the spacing between high angle grain boundaries (HAGB) decreases. 

Figure 1.2 shows the spacing between HAGB decreasing at a rate faster than the spacing 

between low angle grain boundaries (LAGB) in the substructure [5]. With increasing 

deformation, the HAGB width will reach a size comparable to the subgrain size.  
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Figure 1.2: Effect of hot working on grain boundary spacing. Figure is from Ref. [5]. 

 

The GDRX phenomenon was investigated by Chang et al. while attempting to 

identify the cause for abnormal grain growth in AA5182 (Al-Mg alloy) sheet material 

during hot deformation. In those experiments, GDRX was determined to produce nuclei 

responsible for the growth of abnormal grains. Although abnormal grain growth is not a 

major concern in the present investigation, there exists the possibility of using GDRX for 

microstructure refinement. This possibility would reduce the amount of cold work 

required after hot rolling, thus reducing the cost of the rolling process. 

In his investigation, Chang determined that at a plastic strain of  =1.45, subgrains 

begin to pinch off and form new grains with a size similar to the prior subgrains, as 

shown in Figure 1.3. These new grains have HAGBs produced by polygonization of grain 

boundaries during deformation. It is hypothesized that these detached subgrains are 

nucleation sites for recrystallization during static annealing after deformation. If 
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deformation were to continue to  =1.8, the GDRX mechanism is expected to produce a 

fully recrystallized microstructure. This strain is known as the critical strain for GDRX 

(     ). 

 

Figure 1.3:  Subgrain A with low angle boundary at B being penched off to form 

nucleation sites for recrystallizaiton. Figure is from Ref. [10]. 

 

Chang’s discoveries offer insight into controlling the recrystallized grain size 

using both dynamic and static mechanisms. The GDRX mechanism can produce 

nucleation sites for static recrystallization. By deforming the material to strains less 

than      , nucleation sites for the material can then be statically annealed to obtain a 

desired microstructure. Thus, there exists the possibility of obtaining a desired 

microstructure by utilizing GDRX mechanisms prior to static annealing. 

 

1.3.5. Problem Statement 

 The primary focus of this study is to design and construct a hot torsion testing 

instrument. This device will simulate the hot rolling process by testing materials at fast 

strain rates to large strains. Data collected from this instrument will help answer 



10 

 

questions regarding the mechanisms responsible for recrystallization in aluminum alloys. 

By isolating controlling parameters, such as temperature, strain rate, and alloy content, a 

better understanding of the dynamic recrystallization process may be gained. 
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II. EXPERIMENTAL INSTRUMENTATION DESIGN 
 

 

2.1. DESIGN REQUIREMENTS 

The torsion testing instrument must be capable of producing strains and strain 

rates similar to those in commercial rolling operations for aluminum. Such typical values 

are displayed in Table 2.1. This will require a sufficient rotational speed from the 

instrument in addition to a compatible specimen geometry. To experimentally simulate 

hot rolling, specimens will be tested at elevated temperatures similar to those presented in 

Table 2.1. Furthermore, a method of quenching is needed to preserve the specimen’s 

microstructure after completing a test.  

 

Table 2.1:  Typical conditions for hot rolling aluminum alloys. Table is from Ref. [4]. 

 

 

2.2. DELIVERABLES 

 The main goals of this study are to design and fabricate a hot torsion testing 

device. The computer program interface used for instrument control and data acquisition 
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should be user friendly and output useful information, such as torque, rotational 

displacement, and angular frequency. Because rotating machinery will be used in this 

study, a barrier between the instrument and the user is required to ensure user safety.  

Deliverables also include qualitative and quantitative data analysis validated by previous 

literature. The instrument will be used in future studies to help better understand 

microstructure evolution, such as dynamic recrystallization, during hot deformation. 

 

2.3. INSTRUMENT DESIGN AND RELEVANT CALCULATIONS 

2.3.1. Mechanical Design 

2.3.1.1. Body Design 

Torsion machines are available in a variety of shapes and sizes. While each design 

may differ slightly from the other, most torsion machines share similar design layouts. 

For example, each machine requires rotational motion that is typically provided by an 

electric or hydraulic motor. Torsion machines also require an electromagnetic clutch to 

transfer rotational motion to the test specimen once it is at temperature. A flywheel is 

often used to ensure a constant speed when the specimen is engaged. Most machines use 

a reaction load cell to measure torque at the fixed end [6]. This design layout is 

schematically illustrated in Figure 2.1. Specimen grip designs are where torsion machines 

vary the most. Grip designs will be discussed to greater depth in a latter section. 
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Figure 2.1:  Torsion testing instrument designed by Bressan. Figure is from Ref. [7]. 

  

A torsion machine can essentially be thought of as lathe. In this analogy, the 

tailstock is replaced with a reaction torque transducer [6]. Lathes are capable of operating 

at high rotational speeds and can be used to experimentally simulate rolling. Lathe rails 

offer superb alignment for mounting devices. Therefore, a lathe will make an excellent 

starting point for the design of a torsion machine. In this investigation, a Rockwell 12-

inch wood lathe was selected as a starting point. The lathe contains a 1 hp motor with a 

variable-speed belt drive capable of producing rotational speeds in the range of 265 to 

3200 RPM. Figure 2.2 presents the lathe in its original state prior to design modifications.  

 

Figure 2.2:  Rockwell 12-inch wood lathe. Figure is from Ref. [11]. 
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2.3.1.2. Shearing Strain Rate 

 The shearing strain rate is determined by rotational speed and gauge section 

geometry. Hot rolling strain rates range from 1 to 100    , as shown in Table 2.1. 

Typical torsion test specimens have gauge diameters of 0.25 to 0.50 inches and gauge 

lengths ranging from 0.1 to 2.0 inches [12]. Based on this information, the shearing strain 

rate is calculated using Equation 1, 

 
 ̇  

  ̇

 
 (1) 

where  ̇ is the shearing strain rate,   is the radius within the gauge length,  ̇ is the 

rotational frequency in radians*   , and L is the length of the gauge section. Using the 

minimum lathe speed of 265 RPM, the rotational frequency in radians*    is calculated 

using Equation 2. 

  ̇   265
   

   
     

   

   
    

   

   
       

   

   
 (2) 

Assuming a specimen geometry that has an outer gauge diameter of 0.25 inches and a 

gauge length of 1 inch, the shearing strain rate is approximately 3.5   . This is close to 

the minimum strain rates expected in hot rolling. However, modifications to decrease the 

lathe speed can be made in the future. Thus, the Rockwell wood lathe was selected for 

this investigation.   

 

 

 

2.3.1.3. Mounting Rails 
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Extruded aluminum alloy “80/20” beams were attached to the lathe rails using a T-shaped 

mounting assembly shown in Figure 2.3. These beams provide an easy way to safely and 

securely attach equipment to the lathe without the risk of damaging the lathe rails. The 

rail mounts also serve the purpose of aligning the aluminum beams with the lathe rails. 

Detailed CAD drawings of all custom parts are provided in Appendix A.  

 

Figure 2.3:  T-shaped rail mounting assembly.  

 

2.3.1.4. Shaft Selection 

For the purpose of this investigation a 5/8 inch hollow shaft with a 1/4 inch inner 

diameter made of 4130 steel was selected. Alloy 4130 steel has fair machinability and a 

carbon content (0.27 to 0.34%) low enough to avoid the formation of martensite. The 

material has a high yield strength of 70,000 psi. The shaft is hollow to reduce heat 

conduction along its length. The inside of the shaft also serves as a pathway to the 
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specimen for quenching gas. The maximum allowable torque for the shaft is calculated 

using Equation 3,   

 
     

  

 
  (3) 

where   is the materials maximum shear strength,   is the torque necessary to shear the 

shaft,   is the radius of the shaft, and   is the shaft polar moment of inertia. Because the 

shaft is fully keyed, a correction factor was used from Jadon and Verma’s Analysis and 

Design of Machine Elements [13] and is presented below in Equation 4, 

                (4) 

where         is the corrected shear strength and    is the correction factor. This 

correction factor is expanded in the following equation: 

 
     

    

 
 
    

 
 (5) 

where   and   represent the width and depth of the keyway, respectively, and   

represents the outer diameter of the shaft. A standard keyway size with a width of 0.188 

inches and a depth of 0.079 inches was selected, yielding a correction factor of 0.8. 

Tresca’s yield criterion is used to calculate the materials shear strength. 

 
     

  

 
 (6) 

Equation 6 predicts a shear strength of 35,000 psi for the shaft. Accounting for the 

keyway correction factor using Equation 4 results in a maximum shear strength of 28,000 

psi. Using Equation 3, the maximum allowable torque on the shaft is 1,300 in-lbs. 
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The shaft is expected to withstand stresses capable of deforming the aluminum 

alloys being investigated in this study. These alloys are described below in Table 2.2. To 

ensure shaft reliability, a worst-case scenario is examined by selecting the strongest 

material (Al-4.5Mg) deformed at room temperature.   

 

Table 2.2:  Alloy Specimen Compositions. 

Specimen Designation Composition (wt.%) 

Al 1xxx Al 0.004Cu-0.09Si-0.11Fe-0.05Mn-0.00Mg-0.016Zn-0.05Cr-0.01Ti 

 Al 5xxx Al-0.5Mg 0.002Cu-0.10Si-0.11Fe-0.05Mn-0.50Mg-0.006Zn-0.05Cr-0.01Ti 

 Al 5xxx Al-4.5Mg 0.004Cu-0.11Si-0.11Fe-0.05Mn-4.39Mg-0.004Zn-0.05Cr-0.01Ti 

Al 6xxx Al-0.5Mg-1.0Si 0.003Cu-1.05Si-0.09Fe-0.05Mn-0.53Mg-0.009Zn-0.05Cr-0.01Ti 

 

 

The Al-4.5Mg alloy has a shear strength of approximately 20,000 psi at room 

temperature [22]. Assuming a 0.25 inch gauge diameter for the specimen geometry, the 

torque required to yield the specimen is 61 in-lbs (Equation 3). These results confirm that 

the 4130 steel shaft selected for this investigation has sufficient strength to shear the 

aluminum specimens.  

 

2.3.1.5. Spline Shaft Assembly 

It is desired to test specimens in pure shear without the presence of axial loads. 

Therefore, a spline shaft is used at the fixed end of the of the torsion machine. The shaft 

is set inside a linear bearing that allows it to slide freely in the axial direction, but 

prevents the shaft from rotating. The shaft couples directly to the torque cell. This 

assembly is presented in Figure 2.4. The bearing is fixed between two aluminum blocks 
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allowing for easy alignment. The torque capacity of the spline shaft bearings are 734 

in*lbs [27]. 

 
Figure 2.4:  Spline shaft and torque coupling. 

 

2.3.1.6. Flywheel 

 Flywheels are used to store kinetic energy. A cast iron flywheel with a 10 inch 

diameter is fixed to the rotating shaft on the torsion machine, as shown in Figure 2.5. 

When a specimen is engaged while testing, the energy stored in the flywheel is used to 

maintain a consistent shaft speed, thus giving a more consistent strain rate.    

 

Figure 2.5:  Flywheel for storing kinetic energy. 

2.3.2. Data Acquisition and Controls Equipment  

2.3.2.1. Clutch Brake 
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 In order for the hot-torsion device to accurately apply rotation for a controlled 

time and angle of deflection, a clutch/brake is needed to rapidly engage and transfer 

power to a test specimen at a desired rotational speed. Furthermore, the clutch brake is 

responsible for disengaging and stopping the drive train by braking once the test is 

finished. Without a clutch/brake in the system the lathe would be turned on and instantly 

twist the specimen, producing uncontrolled torsion and possibly damaging equipment. 

The clutch/brake purchased for this project was Warner Electric’s UM-100 1020 

configuration, shown in Figure 2.6. The UM-100 is capable of withstanding torques up to 

360 in-lbs. Detailed specifications for the UM-100 are provided in Appendix B. 

 

Figure 2.6:  Warner Electric clutch/brake. Image is from Ref. [14]. 

 

2.3.2.2. Reaction Torque Sensor and Signal Conditioner 

Most torsion testing machines use reaction torque sensors to measure loads. A 

torque cell uses strain gauges to produce small electrical signals that are converted to 

torque readings. These signals are often too small to read directly from the torque cell 

itself, thus requiring amplification. A signal-conditioning device serves the purpose of 
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amplifying this signal before it is sent to the data acquisition software. An Omega TQ202 

series reaction torque sensor was selected as the load cell for this investigation (see 

Appendix C for detailed TQ202 specifications). The TQ202 torque sensor has a standard 

operating range of 0 to 250 in-lb with a resolution of 0.2% of the full scale range. It is 

also capable of supporting a safe overload of 150% of its maximum capacity, yielding a 

maximum operating torque of 375 in-lb. Vishay’s 2120B model was selected for signal 

conditioning. The 2120B model provides built in excitation to the load cell and outputs 

the amplified load cell signal to the data acquisition board. The Vishay unit is capable of 

providing a 50 kHz response. This rapid response time allows for high sampling rates and 

time synchronization with other devices. Both the load cell and the signal conditioner are 

displayed in Figure 2.7.  

    

(a) (b) 

Figure 2.7:  (a) Omega TQ202 torque cell (Image is from Ref. [15]), (b) Vishay 2120B 

signal conditioner. 

 

 

 

 

2.3.2.3. Tachometer  
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Before the clutch is engaged, the rotational frequency of the shaft must be known. 

For this reason, an ElectroSensors TR400 series tachometer was selected (see Appendix 

D for detailed TR400 specifications). The tachometer is equipped with a digital display 

that outputs a 4-20mA analog signal. The TR400 has 0.1% accuracy of the full scale 

analog output range. The device uses a Hall-effect sensor that communicates with a 

magnetic pulser wrap attached to the shaft. As the shaft spins, the Hall-effect sensor scans 

the collar and sends a signal to the tachometer. Once the shaft reaches the desired 

rotational frequency, the clutch may be engaged.  

                   
(a) (b) 

Figure 2.8:  (a) ElectroSensors TR400 tachometer (Image is from Ref. [16]), (b) 

through-bore pulser disk (Image is from Ref. [17]). 

 

 

2.3.2.4. Rotary Encoder 

The rotational displacement of the shaft is measured using a through-bore rotary 

encoder. A 25T model from Encoder Products Company was selected to fulfill this 

purpose. The encoder uses differential square wave forms to “count” the shaft’s rotational 

position as the instrument torques the specimen. Rotational displacement data are used to 
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calculate strains and strain rates. The encoder has a resolution of 1000 counts per 

revolution. The 25T model is presented below in Figure 2.9. Detailed encoder 

specifications are provided in Appendix E. 

 

Figure 2.9:  Encoder Products 25T rotary encoder. Image is from Ref. [18]. 

 

2.3.2.5. Data Acquisition Software 

 The torque cell, tachometer, and rotary encoder relay data to a USB-6210 data 

acquisition board (DAQ board) made by National Instruments. The board accepts both 

analog and digital inputs and is compatible with each component selected for the project. 

The board communicates with the user through LabView’s graphical programing 

language.  

 

 

 

 

 

2.3.3. Temperature Control 
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2.3.3.1. Furnace Specifications  

 A quad-elliptical infrared radiative furnace is used to rapidly heat the test 

specimen. The furnace is easily capable of operating in the temperature ranges used for 

hot rolling of aluminum alloys. Research Incorporated recommends this E4 model for 

heating smaller diameter objects of approximately ¼ inch, thus making it a perfect choice 

for this investigation. The furnace, shown in Figure 2.10, is hinged and opens like a 

clamshell for easy access [19]. The furnace is controlled by a Eurotherm model 818 

controller and powered by a Eurotherm model 832 power supply. 

 

Figure 2.10:  Quad-elliptical infrared radiation furnace. 

 

2.3.3.2. Temperature Profile 

A 12-inch shaft section protrudes from the radiant furnace and couples with the 

clutch break. The rotary encoder is fixed at a set distance of 8 inches from the furnace. 

The operating temperature range for the rotary encoder is -20ºC to 85ºC. Heat conduction 

through the shaft is therefore a concern. A one-dimensional, steady-state heat analysis 

was performed using equations from The Fundamentals of Heat and Mass Transfer [20]. 
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Results of the analysis are presented in Figure 2.11. At a distance of 8 inches from the 

furnace the rotary encoder is expected to reach a steady-state temperature of 100ºC.  

 

Figure 2.11:  A 1-Demensional analysis of shaft temperature. 

To prevent the temperature from exceeding 85ºC, annular fins of 6061 aluminum 

were fixed to the shaft. A cooling fan is mounted below the fins to enhance heat 

dissipation from the fins. This setup is shown below in Figure 2.12. It is important to note 

that the one-dimensional heat transfer analysis performed for Figure 2.11 assumes steady-

state temperatures. The radiative furnace will heat the test specimen to the desired 

temperature well before steady-state heat conduction is reached in the shaft. Therefore, 

the annular fins with forced convection are merely a precaution. The program used to 

generate the prediction of the steady-state temperature profile is provided in Appendix F. 
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Figure 2.12:  Annular fins with forced convection provided by a computer fan.  

 

2.3.4. Torsion Grip Design 

 The torsion grip design depends on the geometry of the test specimen. There are 

two common types of torsion specimen designs: (1) the specimen ends are threaded or (2) 

the specimen ends are squared. Threaded specimens tighten as the shaft rotates. 

Specimens with square ends fit into square slots in the grips. As the shaft rotates, the 

square ends are constrained by the slots as the specimen is deformed. Both specimen 

designs have a gauge length with a reduced diameter and a circular cross section. The 

design variants for these grips are shown below in Figure 2.13.     
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Figure 2.13:  Torsion instrument grip design varients. Figure is from Ref. [21]. 

 

The torsion machine in the present investigation uses square slotted grips. The 

instrument grips were designed by Joseph Bass, an undergraduate research assistant 

working on the project. The grips are threaded onto the 4130 shaft. Both sides of the shaft 

have left handed threads so the grips tighten when a specimen is engaged. The grips are 

made of 316L stainless steel and are depicted in Figures 2.14 and 2.15. A detailed grip 

design is provided in Appendix A. 
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Figure 2.14:  Final torsion instrument grip design. 

 

                      
(a)  (b) 

                      
(c) (d) 

Figure 2.15:  (a) Images show the left grip fixed and the right grip off, (b) both grips 

fixed, (c) isometric view with the left grip fixed and the right grip off, and 

(d) isometric view of both grips fixed. 
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2.3.5. Specimen Design  

As mentioned previously, typical torsion test specimens have gauge diameters of 

0.25 to 0.50 inches and gauge lengths of approximately 1 inch [12]. The two specimen 

designs used in this investigation have gauge lengths of 1 inch and 0.5 inches with an 

outer gauge diameter slightly larger than ¼ inch. Table 2.3 shows relevant specimen 

dimensions. Both specimens are shown below in Figure 2.16. With the longest (1 in.) 

specimen geometry, tests may be performed at strain rates as low as 3.5   . Each 

specimen is a hollow tube to reduce strain and strain rate gradients within the specimen. 

Furthermore, air may be injected through the axial hole in the specimen to allow for 

faster quenching [6]. Detailed specimen designs are provided in Appendix A. 

 

Table 2.3:  Torsion specimen dimensions in inches. 

Specimen Number OD ID Gauge Length Fillet Radius 

1 0.265 0.125 1.00 1/32 

2 0.328 0.250 0.50 1/16 

 

 
 

Figure 2.16:  Torsion specimens with scale marker in inches. 
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2.4. FINAL INSTRUMENT DESIGN 

 The torsion machine was fabricated following the instrument design. Figure 2.17 

displays an isometric view of the torsion machine. Figure 2.18 presents a labeled side 

view of the instrument. Figure 2.19 shows the actual instrument with water- and air-

cooling lines.  

 

Figure 2.17: Isometric view of the torsion testing instrument.
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Figure 2.18: Labeled SolidWorks™ model of the torsion instrument.  
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Figure 2.19: Torsion testing apparatus.
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III. EXPERIMENTAL PROCEDURE 

 

 
3.1. INITIAL INSTRUMENT CALIBRATION 

3.1.1. Torque Cell Calibration 

 The torque cell was calibrated using a Vishay 2120B signal conditioner and an 

ACDelco digital torque wrench. The TQ202 torque cell requires 10 volt DC excitation 

across its bridge. Adjust the bridge excitation screw till the excitation volt meter reads 10 

volts, as presented in Figure 3.1. Zero the signal output from the Vishay unit by adjusting 

the balance knob until the balance LEDs dim. It is important that no torque is acting on 

the torque cell while adjusting the balance knob. The DAQ board receiving the output 

signal accepts 0 to 10 volts. The TQ202 torque cell operates in a 0 to 20 millivolt range. 

The Vishay unit should amplify the signal from the torque cell to match the 0 to 10 volt 

range of the analog input on the DAQ board.   

 

Figure 3.1:  The Vishay signal conditioning unit. 
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Proper signal amplification is achieved by adjusting the gain knob, as shown in 

Figure 3.1. It is desired to set the 10 volt output signal to match the maximum torque 

from the torque cell (250 in-lbs). Adjust the gain knob until the output reads 1 volt for 

every 25 in-lbs displayed on the digital torque wrench. Repeat these measurements in 25 

in-lb increments while recording both output voltage and torque. These data are used to 

plot a calibration curve. The torque cell calibration is presented below in Figure 3.2.   

 

Figure 3.2:  Calibration curve for the TQ202 torque cell. 
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3.1.2. Tachometer Calibration 

 Calibration of the tachometer was accomplished by using a hand-held, digital 

tachometer. Reliability DIRECT’s TC811B tachometer provides shaft speed 

measurements to match the output current signal from the TR400 tachometer. Place a 

piece of reflective tape at any location along the torsion instrument shaft. Set the TC811B 

to the          setting. Holding the TC811B approximately 1 inch from the reflective 

tape, measure the shaft speed while reading the digital display. The TR400 tachometer 

has a linear correlation between speed and current. Therefore, a calibration curve is easily 

made by recording the shaft speed and current output from the tachometer. A calibration 

curve for the tachometer is shown in Figure 3.3.  

 

Figure 3.3:  Calibration curve for the TR400 tachometer. 
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3.2. TEST PREPARATION 

3.2.1. Cooling Water 

 Cooling water is supplied from the building facilities to the radiant furnace and 

ridged shaft section on the right of the furnace. The flow is controlled by two meters 

mounted on the front of the lathe as shown in Figure 3.4 (a). The left flow meter is set to 

0.6 gpm and the right flow meter is set to 0.4 gpm. If testing at elevated temperatures, 

turn both water valves to the vertical position, as shown is Figure 3.4 (b). The flow 

indicators display flow rates in gallons per minute.     

               
(a)  (b) 

Figure 3.4:  (a) Flow meters mounted on the front of the instrument, (b) red arrows 

indicate valve turning direction for cooling water.  

 

3.2.2. Cooling Fan and Clutch Power 

The cooling fan and electric clutch are both wired into the same power unit, as 

presented in Figure 3.5. Flip both switches to the “on” position. The electric clutch will 

automatically engage in the “brake” position. A red LED light below the switches will 

confirm the clutch is locked in the brake position. 
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Figure 3.5:  Power unit for the cooling fan and clutch brake. 

3.2.3. Specimen Loading 

 A 1.5 inch diameter quartz tube surrounds the grip assembly to protect the furnace 

heating elements and provide uniform heating while testing. Before loading a specimen, 

carefully slide the tube towards the annular fins on the left side of the furnace. Wear latex 

or neoprene gloves while moving the tube to avoid getting oils on the outer surface. 

When the tube has made contact with the annular fins, slide the spline shaft away from 

the furnace. This provides enough space to fit the specimen into the grip on the right side. 

Two thermocouples protrude from the grip on the right side, as shown in Figure 3.6 (a). 

One of the thermocouples acts as a reference for the furnace controller during testing, and 

the other is connected to the thermocouple display shown in Figure 3.7. These 

thermocouples measure the inside wall temperature of the specimen during testing. 

Gently guide the thermocouples into the hollow specimen while sliding the specimen into 

the grip. Next, slide the shaft towards the opposite grip.  Align the specimen with the grip 

slot by rotating the shaft on the left side of the furnace. Once the specimen is aligned, 
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gently push the spline shaft until the specimen end enters the left grip. If any 

misalignment is observed, remove the specimen from the grips and realign the 

instrument. Slide the quartz tube over the entire assembly. Lastly, position the third 

thermocouple to lightly contact the outer surface of the specimen gauge section, as shown 

in Figure 3.6 (b). The thermocouple end must be in contact with the surface of the 

specimen to ensure accurate temperature readings. Cover the ends of the tube with quartz 

wool to enclose the heating area.  

              
(a) (b) 

Figure 3.6:  (a) Thermocouples protruding from the left grip, (b) positioning the outer 

thermocouple to contact the specimen surface. The quartz tube surrounds the 

assembly. 

 

 

Figure 3.7:  Thermocouple display, furnace controller, and tachometer. 
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3.2.4. Furnace Controls 

 The radiant furnace is controlled by a Eurotherm model 818 controller, shown in 

Figure 3.8 (a). The furnace is powered by a Euotherm model 832 power supply, 

presented in Figure 3.8 (b). Before powering the furnace, set the current output on the 

power supply to the desired setting. The current output is the white knob located at the 

bottom of the right controller shown in Figure 3.8 (b). The current knob was set to the 

half-way point (approximately 50% power) during testing. Flip the power switch to the 

“on” position and select the desired test temperature using the “up” and “down” arrows 

on the left display. Once the temperature is selected, press the hold button on the left 

panel shown in Figure 3.8 (a). This creates a “set point” temperature. The furnace 

responds quickly to the controller. It is important to note that the furnace has a tendency 

to overshoot the selected temperature (near 450ºC) value under the tuning parameters 

used (PID controller was set to the self-tune method). Thus, a temperature slightly below 

the desired temperature should be selected if these same parameters are used to achieve 

similar temperatures. Use the thermocouple display in Figure 3.7 to determine if the 

furnace requires more or less power. The thermocouple display shows two readings: one 

for the thermocouple on the outer surface (left reading) and one for the thermocouple 

located inside the specimen (right reading). The thermocouple inside the specimen is 

taken as the more accurate test temperature because it is not exposed directly to the 

infrared heating elements.  
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(a)  (b) 

Figure 3.8:  (a) Left Eurotherm model 818 controller used to adjust and set the 

temperature, (b) right Eurotherm model 832 power supply used to adjust the 

current output. 

 

 

3.2.5. Lathe Controls 

While the specimen is heating to the test temperature, push the start button of the 

lathe. The lathe speed is adjusted using the control lever shown in Figure 3.9. Turn the 

lever counter-clockwise to reduce the speed and clockwise to increase the speed. The 

minimum possible speed is 265 RPM. 

   
Figure 3.9:  Lathe controls. 
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3.2.6. Acquisition Setup 

 Two computers are currently used in the data acquisition and control system. This 

is primarily because of timing synchronization limitations in the NI USB 6210 DAQ 

boards. It is a future goal to acquire a DAQ board that has internal timing synchronization 

between analog and digital channels. Figure 3.10 graphically presents the current system. 

Computer 1 and DAQ 1 are used to generate a digital pulse (clock signal) and trigger the 

clutch/brake. The clock signal is passed to DAQ 2, where the encoder, tachometer, and 

torque cell acquire data at the clock signal.  

 
Figure 3.10:  Data acquisition setup using two computers.   
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3.2.7. Program Initiation  

3.2.7.1. Setting the Experiment Time 

 Select the desired total test time by adjusting the “Time Target” indicator located 

on the front panel of computer 1. The test time and rotational speed determine the total 

shear strain imposed during a test. The front panel for computer 1 is shown in Figure 

3.11. Start the program to generate the external clock signal at 1000 Hz or other desired 

frequency of data acquisition. The clutch will not engage until the “Start Test” icon is 

clicked. 

 
 

Figure 3.11:  Computer 1 program front panel. 

 

 

3.2.7.2. Selecting the File Path and Testing 

 Start the program on computer 2 before the furnace reaches the test temperature. 

The front panel for the user interface on computer 2 is presented in Figure 3.12. The 

panel displays crucial information, such as the drive shaft speed, torque, and total degrees 

rotated. Before running a test, the user is prompted to select a file path for saving the 

data. The program records all raw data to a text file format and exports it to the selected 
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file path. Once the file path is selected, the instrument automatically begins acquiring 

data. Click the “Start Test” icon to run an experiment. The program code for this 

experiment is provided in Appendix G. 

 

Figure 3.12:  Computer 2 program front panel. 

 

3.3. Air Quenching 

 Imidiately after running a test, it is desired to quench the specimen to preserve its 

microstructure. Compressed air is injected into the hollow shaft and through the specimen 
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to ensure rapid cooling. The air valve is located on the wall next to the torsion instrument 

and is shown in Figure 3.13.   

 
 

Figure 3.13:  Compressed air valve and regulator for gas quenching. 



44 

 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

 

4.1. INSTRUMENT CHARACTERIZATION 

  The torsion testing apparatus fabricated in this study is a fairly complex 

instrument. Each device on the instrument must work properly to obtain meaningful data. 

The following addresses verification of the instrument functionality. 

 

4.1.1. Speed Verification 

 A graph of rotational speed versus time is presented in Figure 4.1. In this figure, 

the rotational speed measured from the rotary encoder and the tachometer are compared 

for a test performed at 460°C. The tachometer outputs data in RPM, which is easily 

converted to degrees per second. The rotary encoder provides data for angle at a specific 

time, and rotational speed must be calculated as the first derivative of these data. The 

rotational speed was calculated from the rotary encoder data using linear regression 

within a moving window of five (5) data points. The algorithm used in this calculation 

takes a window of five data points and determines their slope, the first derivative of the 

data, which is assigned to the average window time. Since the time increment between 

measurements is constant at 1 millisecond, the average window time is easily computed. 

The window shifts up one data point after each calculation, and then the calculation is 

repeated for the new window. This algorithm produces some smoothing of the rotational 

speed curve from the rotary encoder data. Figure 4.1 confirms that the tachometer speed 

and the speed calculated using the rotary encoder match at approximately 2600 degrees 
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per second (or 433 RPM) during testing. The calculated encoder velocity ramps up at the 

start of the test and levels out after 20 milliseconds, which is consistent with clutch 

engagement. The spike in the encoder speed at 0.1 seconds indicates specimen failure. 

 

Figure 4.1:  Rotational speed is shown versus time. 

 

4.1.2. Timing Synchronization 

 Timing synchronization between the rotary encoder and the torque cell is crucial 

to obtaining meaningful stress-strain data. Figure 4.2 compares two plots: torque versus 

time and rotational displacement versus time. The time scale is identical in both plots. 

The dashed line at 0.01 seconds marks the start of the test, when the clutch is engaged. As 

the encoder begins to rotate, the torque rises. This confirms that the torque cell and rotary 
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encoder are synchronized. It is important to note that the tachometer is not synchronized 

with the torque cell and rotary encoder. The tachometer signal conditioning has a 

response time of approximately 30 milliseconds. The delayed signal from the tachometer 

does not affect the final stress-strain data because the tachometer is used only to adjust 

motor speed prior to testing. 

 

Figure 4.2:  Timing synchronization between the torque cell and rotary encoder. 

 

4.2. TESTING PARAMETERS 

4.2.1. Material Selection 

 All experiments in this study were performed at elevated temperatures using the 

Al-4.5Mg material. The specimen material was provided by Furukawa-Sky Aluminum 
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Corp. (FSA). Strain rates and testing temperatures were selected based on a previous 

investigation of a similar material conducted by Ueki et al [23]. In their investigation, 

Ueki used hot torsion testing to experimentally simulate hot rolling of aluminum alloy 

AA5083.  A comparison between the chemical compositions of the AA5083 alloy used in 

Ueki’s investigation and the FSA alloy used in this investigation is presented in Table 

4.1. The data of Ueki et al. are compared to results produced in this study because their 

material is the most similar for which torsion data are available in the literature.  

 

Table 4.1:  Chemical composition comparison of aluminum alloys in wt. pct. Data 

taken from Ref. [23]. 

 

  Cu Si Fe Mn Mg Zn Cr Ti 

FSA Alloy 0.004 0.11 0.11 0.05 4.39 0.004 0.05 0.01 

AA5083 Alloy 0.01 0.09 0.17 0.61 4.24 NA 0.2 0.04 

 

 The largest difference in chemical composition between the two alloys is the 

amount of manganese (Mn). The AA5083 alloy contains twelve (12) times more 

manganese than the FSA alloy. Figure 4.3 illustrates the effect of manganese on 

commercially pure aluminum at room temperature. Increasing the amount of manganese 

from 0.05% to 0.61% approximately doubles the yield strength at room temperature.  
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Figure 4.3:  Alloying effect of manganese on tensile properties of wrought 99.95% Al at 

room temperature. Figure is taken from Ref. [24]. 

 

 

 However, at high temperatures manganese addition has much less effect on alloy 

strength [25]. Figure 4.4 presents the logarithm of diffusivity-compensated strain rate 

versus the logarithm of modulus-compensated stress for aluminum-magnesium alloys 

containing various amounts of manganese [25]. In this figure,  ̇ is the true-strain rate and 

D is the appropriate diffusivity. D is calculated using Equation 7, 

 
       (

     
  

) 
(7) 

where    is the Mg solute diffusivity constant (         
       ),      is the 

activation energy of Mg diffusion in Al (                ),   is the universal gas 
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constant, and   is the temperature. Testing at 460°C with a shearing strain rate of 15    

gives a diffusivity-compensated strain rate (
 ̇

 
) of               . Under this condition, 

the data of Figure 4.4 suggest that the AA5083 alloy is not likely to be much stronger 

than the FSA alloy. Nonetheless, it should be noted that these are two different materials, 

and as such, they are expected to behave differently during testing. 

 

Figure 4.4:  The logarithm of diffusivity-compensated strain rate versus the logarithm of  

modulus-compensated stress. Figure from Ref [25]. 

 

The specimen geometry from the present investigation is compared to the 

specimen geometry used in Ueki’s investigation in Table 4.2. The AA5083 alloy used in 

Ueki’s investigation has a larger OD and a similar gauge length to the FSA samples.    

Table 4.2:  Specimen geometry comparison between the FSA alloy and AA5083 alloy. 

  OD (mm) ID (mm) Gauge Length (mm) ID/OD 

FSA Alloy 8.33 6.35 12.7 0.762 

AA5083 Alloy 18 10 15 0.556 
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4.2.2. Strain Rate and Test Temperature 

 Shear stress versus shear strain data from Ueki’s investigation of AA5083 are 

presented in Figure 4.5. In his experiments, the shearing strain rate was held constant at 

10     for tests at temperatures of 400°C, 450°C, and 500°C.  

 

Figure 4.5:  Shear stress versus shear strain for AA5083. Figure is from Ref. [23]. 

  

To replicate as closely as possible the shearing strain rates used in Ueki’s 

investigation, Equation 8 is used, 

 
 ̇  

  ̇

 
 

(8) 

where  ̇ is the rotational speed in radians*   , L is the length of the gauge section,  ̇ is 

the shearing strain rate, and   is the radius within the gauge length. Using the specimen 

geometry in the present investigation and setting  ̇ to be 10   , the equivalent rotational 
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speed ( ̇) is calculated to be 30.5 radians*   (or 300 RPM). The rotational speed 

decreases slightly when the clutch is engaged. For this reason, a speed of 500 RPM was 

selected for testing. It was later discovered that this slight increase in speed is 

unnecessary. 

 

4.3. DATA ANALYSIS 

4.3.1. Torque vs. Rotational Displacement 

 Two tests were performed at elevated temperatures using Al-4.5Mg specimens. 

Figure 4.6 presents raw data from tests performed at 460°C and 475°C. These tests were 

conducted at a constant shear strain rate of 15     using specimen design 2 (the specimen 

design with the 0.5 inch gauge length). As the temperature is increased, the torque 

required to deform the specimen is decreased. This relationship is confirmed by Equation 

9, 

 

    [ ̇   (
 

  
)]

 
 

 

(9) 

where    is the flow stress,   is a material-dependent constant,  ̇ is the effective strain 

rate,   is the activation energy for plastic flow,   is the universal gas constant,   is the 

temperature, and n is the stress exponent. Temperature is directly related to the flow 

stress. As the temperature increases, the stress to deform the material at a constant strain 

rate decreases. The torque required to deform the specimen peaks initially and decreases 

as further deformation takes place. 
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Figure 4.6:  Torque versus rotational displacement at elevated temperature for the Al-

4.5Mg material. 

 

 

4.3.2. Shear Stress vs. Shear Strain 

 The data from each test were saved in a text file that includes torque (in*lbs) and 

rotational displacement (degrees) as functions of time. The torque was converted to a 

shear stress using Equation 10, 

 
  

  

 
 

(10) 

where   is the shear stress,   is the torque,   is the outer radius of the specimen gauge 

section, and   is the polar moment of inertia. Shear stress values are typically taken at the 

outer surface of the specimen [12]. This standard was implemented in the current 
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investigation. The rotational displacement is converted to a shear strain by using 

Equation 11, 

 
  

  

 
 

(11) 

where   is the shear strain,   is the outer radius of the specimen gauge section,   is the 

rotational displacement in radians, and   is the gauge length. Similarly to shear stress 

measurements, the shear strain measurements were taken at the outer surface of the 

specimen. Taking stress-strain measurements at a specimen’s surface is the most 

commonly used method and is the ASM handbook recommendation [12]. 

 Shear stress and shear strain data taken from Ueki’s investigation of AA5083 use 

mean stress-strain measurements [23]. It is important to note that mean stress-strain 

measurements are not commonly used in torsion testing investigations.  The mean shear 

stress in Ueki’s investigation was calculated using Equation 12, 

 
  

  

 (  
    

 )
  

(12) 

where   is the mean shear stress,    is the outer diameter,    is the inner diameter, and   

is the torque. The mean shear strain in Ueki’s investigation was calculated using Equation 

13, 

 
  

     
  

  
(13) 

where   is the mean shear strain,    is the outer diameter,    is the inner diameter,   is 

the gauge length, and   is the twist angle in radians. 

4.3.2.1. Experiment Repeatability 
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 Two tests were conducted on the Al-4.5Mg material at a temperature of 460°C 

and a strain rate of 15    to test for experiment repeatability. The 0.5-inch specimen 

geometry was used. Figure 4.7 presents the results of these two tests on a plot of shear 

stress versus shear strain. As expected, the data demonstrate good repeatability. This 

proves that the torsion testing instrument is capable of accurately repeating experiments 

with constant test variables. 

 

Figure 4.7:  A plot of shear stress versus shear strain for the Al-4.5Mg material where 

T = 460°C and  ̇ = 15   . 

 

 

 

 

4.3.2.2. Literature Comparison 
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Figure 4.8 (a) shows the shear stress vs. shear strain results from three 

independent torsion experiments. Figure 4.8 (b) compares these same data from the 

torsion machine fabricated in this study with data taken from Ueki’s investigation 

(marked Lit.). The torsion data were calculated for Figure 4.8 (b) using Ueki’s mean 

stress and mean strain calculations in order to fairly compare these different data sets. 

Figure 4.8 (b) is the only plot where the stress-strain data are calculated as such mean 

values. As a result of this calculation, the flow stress is lowered by approximately 20%. 

The shape of the stress-strain data collected in this study is similar to the data found in 

the literature. In both cases, there is a rapid increase in the stress at the beginning of the 

test. The stress peaks at strains between 0.1 and 0.3, with the exception of one test from 

this study. After the peak stress is reached, the stress continues to decrease slightly as the 

specimen deforms plastically. The results of this study agree with this general trend found 

in the literature, proving the torsion instrument is capable of producing data similar to 

those in the literature. 

However, the experimental data collected for the Al-4.5Mg material are slightly 

different in flow stress from the literature data, as is shown in Figure 4.8 (b). The tests 

conducted in this investigation show stress values approximately 35% lower than the 

available literature data. This may be attributed to the different materials used. Although 

the AA5038 alloy is similar to the Al-4.5Mg FSA alloy, it is still a different material. 

Small differences in chemical composition could be responsible for the higher strength 

exhibited by the AA5038 alloy. It is also important to note that the strain rates are slightly 

different between the experimental and literature data. A shearing strain rate of 15    



56 

 

was used for experiments in this study while a shearing strain rate of 10    was used in 

the literature tests. A higher strain rate should produce a higher shear strength. Despite 

the difference in material strength, this comparison with the data of Ueki et al. verifies 

that the torsion instrument produces data similar to those available in the literature.  

 

 
(a)  (b) 

 

Figure 4.8:  (a) Shear stress vs. shear strain for Al-4.5Mg (this study, where  ̇ = 15   ), 

(b) Mean shear stress vs. mean shear strain for Al-4.5Mg (this study, where 

 ̇ = 15   ) compared with AA5083 (literature, where  ̇ = 10   ). Literature 

data taken from Ref. [23].  

 

4.4. Metallography  

 A primary goal of this task was to compare the microstructures of torsion 

specimens with microstructures from compression specimens tested under similar 

conditions (i.e. similar temperature, strain, and strain rate). The microstructures of the 

torsion specimens and compression specimens were generally expected to be similar, 

with the exception that compression specimens exhibit barrel distortion with very non-

uniform strain distribution. Barrel distortion is created by friction between the dies and 

the specimen surfaces in contact with the dies. This creates “dead zone” areas, where 
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little deformation is observed, on the top and bottom of the specimen. As a result, 

deformation is greatest in the middle of the specimen. Microstructural comparisons 

between torsion specimens and compression specimens might give insight into the 

torsion instrument’s capability to produce more uniform microstructures. 

 Prior to this investigation, compression tests were performed by Nippon Steel 

Corp. (now Nippon Steel & Sumitomo Metals Corp.) on Al-4.5Mg cylinders that were 

manufactured by Furukawa-Sky Aluminum Corp. (FSA). The cylinders used in those 

experiments had an initial diameter of 8 mm and an initial height of 12 mm. The 

specimens were compressed to a final height of 6 mm, producing a final engineering 

strain of -0.5. Tests were conducted at various temperatures and strain rates to observe 

the effects on microstructure. Two of these test cylinders are examined in the present 

investigation: (1) an Al-4.5Mg cylinder tested at 500°C at a strain rate of 1 s
-1

 and (2) an 

Al-4.5Mg cylinder tested at 400°C at a strain rate of 1s
-1

. Both specimens were quenched 

with helium at a rate of 20°C/second immediately after testing to preserve their 

microstructures.  

 An Al-4.5Mg specimen with a 1-inch gauge length was tested in torsion at a 

temperature of 450°C and a strain rate of 3.5 s
-1

. This test was conducted to a final 

effective strain of 0.45, and the specimen was air quenched after deformation. The three 

specimens (two compression specimens, one torsion specimen) were prepared for 

microstructural examination. The compression specimens were also examined after 

annealing to allow for static recrystallization. 

4.4.1. Specimen Mounting 
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4.4.1.1. Compression Specimens 

 Compression specimens were sectioned in half with a diamond abrasive saw. The 

specimens were mounted in transparent epoxy with their cross sections exposed. Figure 

4.9 presents the sectioning and mounting process for the Al-4.5Mg compression 

specimens. 

  inches                    

(a) (b) 

Figure 4.9:  (a) Sectioning the Al-4.5Mg compression specimen, (b) Mounting the Al-

4.5Mg compression specimen. 

 

 

4.4.1.2. Torsion Specimen 

The specimen tested in torsion is shown in Figure 4.10. A slight bend along the 

specimen’s gauge section indicates some buckling during testing. This is common with 

long tubular specimens tested in torsion. Buckling can be prevented by decreasing the 

gauge length and increasing the gauge diameter. A section for metallography was taken 

from a region where buckling was not observed. This section is indicated by the dashed 

lines shown in Figure 4.10.   
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Figure 4.10:  An Al-4.5Mg torsion specimen where buckling is observed. The specimen 

was tested at a temperature of 450°C and a strain rate of 3.5     to a final 

strain of 0.45. 

 

 

 After sectioning the tubular specimen, the extracted section was cut into two 

pieces, as indicated in Figure 4.11 (a). The two pieces were then mounted in a transparent 

epoxy and positioned to show the radial and axial cross sections, as presented in Figure 

4.11 (b).  

                                    
(a)    (b) 

 

Figure 4.11:  (a) Sectioning the extracted torsion specimen piece, (b) mounting the 

sectioned torsion specimen pieces. 
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4.4.2. Polishing Procedure 

 The specimen preparation procedure for metallographic examination is detailed in 

Table 4.3. All polishing steps up to the final polishing step used water-free suspensions 

with alcohol-based lubricant. Specimens were cleaned in an ultrasonic bath of ethanol 

between polishing steps to avoid contamination. The final polishing step used colloidal 

silica. Polishing during the final step was kept under 15 minutes to avoid undesired 

etching by the silica solution.  

Table 4.3:  Specimen preparation procedure for the Al-4.5Mg torsion and compression 

 specimens. 

 

Sectioning Cut with diamond abrasive saw 

Mounting 24-hour transparent epoxy (LECO) 

Course Grinding 400 grit SiC paper + water, 300 RPM, 5 minutes 

 

1200 grit SiC paper + water, 300 RPM, 3-5 minutes 

 

15 µm diamond suspension, 200 RPM, 5 minutes 

 

9 µm diamond suspension, 200 RPM, 5 minutes 

Fine Grinding  3 µm diamond suspension, 150 RPM, 5 minutes 

 

1 µm diamond suspension, 150 RPM, 5 minutes 

Final Polishing  0.04 µm colloidal silica, 150 RPM, 5 minutes 

Etching 

 

Barker’s reagent (1.8% HBF4 in H2O), 25 VDC, 2-3 minutes 

 

 

4.4.3. Imaging 

Multiple images were taken of each specimen using an optical polarizing 

microscope under 50x magnification. These images were stitched together using GIMP 

[26] to form full mosaics of each specimen cross section. A sensitive tint (λ plate) was 

used to reveal the microstructure in color. 
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4.4.3.1. Compression Specimens 

 The center of the compression specimen tested at a temperature of 500°C and 

strain rate of 1 s
-1

 is shown in Figure 4.12 (a). A highly deformed microstructure is 

observed at the center of the specimen with small (20 to 40 µm) equiaxed grains 

appearing at grain boundaries. This suggests partial recrystallization either during or after 

testing. The bottom edge of the specimen is shown in Figure 4.12 (b). In this figure, large 

equiaxed grains are observed. This region is known as the “dead zone”, where die friction 

impeded deformation from occurring at the top center and bottom center of the specimen. 

 
(a)                            (b) 

 

Figure 4.12:  Al-4.5Mg material tested in compression at a temperature of 500°C, strain 

rate of 1    , to a final strain of 0.5. (a) Grain morphology at the middle-

center of the specimen; (b) Grain morphology at the bottom-center of the 

specimen. 

 

Microstructure images of the specimen tested at a temperature of 400°C and strain 

rate of 1 s
-1 

are presented in Figure 4.13. The specimen’s center, shown in Figure 4.13 (a), 

has a highly deformed microstructure with no signs of recrystallization when observed at 

low magnification. However, upon closer examination, small (4 to 10 µm) equiaxed 

grains are observed in the deformed microstructure. These grains are shown in Figure 

Tested 

Specimen 
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4.14 and are marked with arrows. This suggests partial recrystallization in the specimen 

tested at a temperature of 400°C. Figure 4.13 (b) shows the bottom of the specimen with 

large, equiaxed grains.  

 
(a)                            (b) 

 

Figure 4.13:  Al-4.5Mg material tested in compression at a temperature of 400°C, strain 

rate of 1    , to a final strain of 0.5. (a) Grain morphology at the middle-

center of the specimen; (b) Grain morphology at the bottom-center of the 

specimen. 

 

 
 

Figure 4.14:  Al-4.5Mg material tested in compression at a temperature of 400°C, strain 

rate of 1    , to a final strain of 0.5. The figure shows a magnified middle 

center view showing small equiaxed grains marked with arrows. 

 

Tested 

Specimen 
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4.4.3.2. Torsion Specimen 

Figure 4.15 presents the microstructures of both section views for the Al-4.5Mg 

torsion specimen. The test was conducted at a temperature of 450°C, at a strain rate of 

3.5    , and to a final strain of 0.45.  Both views of the torsion specimen show equiaxed 

grains with no visible signs of deformation. This indicates that the material recrystallized. 

Importantly, the microstructure produced by torsion testing is quite uniform. The only 

exception is at the exterior surface of the specimen, shallow surface deformation during 

machining likely reduced the recrystallized grain size. To obtain a better understanding of 

the recrystallization process in the torsion specimen, both compression specimens were 

subjected to a 10 minute heat treatment at their respective test temperatures to induce 

recrystallization.    

 

Figure 4.15:  Mosaic images of the Al-4.5Mg torsion specimen cross sections. This 

specimen was tested in torsion at 450°C, a strain rate of 1    , to a final 

strain of 0.45. 
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4.4.4. Heat Treating the Compression Specimens 

 The two Al-4.5Mg compression specimens underwent a 10 minute heat treatment 

at their respective test temperatures. The compression specimen tested at 500°C was 

annealed for 10 minutes at 500°C, while the compression specimen tested at 400°C was 

annealed for 10 minutes at 400°C. Heat treatments were performed using a salt bath. The 

resulting microstructures are presented in Figure 16. A fully recrystallized microstructure 

is observed in both compression specimens.    

 

Figure 4.16:  Al-4.5Mg compression specimen microstructures following a 10 minute 

heat treatment. The left image indicates the specimen originally tested in 

compression at a temperature of 500°C, strain rate of 1    , to a final strain 

of 0.5. The right image indicates the specimen originally tested in 

compression at a temperature of 400°C, strain rate of 1    , to a final strain 

of 0.5. 
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Table 4.4 compares the average grain size of the torsion specimen with the 

average grain size at the center of the compression specimens after a 10 minute heat 

treatment. The grains in the torsion experiment are approximately twice the size of the 

grains observed at the center of the compression specimen tested at 500°C, and 

approximately four times the size of the grains observed at the center of the compression 

specimen tested at 400°C. The larger grain size observed in the torsion specimen may be 

partially attributed to less accurate temperature control during the torsion test. Testing at 

a higher temperature will produce larger grains. If the temperature recorded during the 

torsion test was lower than the actual test temperature, a larger grain size is expected.  

 

Table 4.4:  Comparing mean grain sizes between Al-4.5Mg compression specimens and 

Al-4.5Mg torsion specimens. 

 
Deformation 

Mode  

Temp 

(°C) 

Stain Rate 

(   )  

Annealing 

Time (min) 

Annealing 

Temp (°C) 

Mean Grain 

Size (µm)  

Grain Size 

Error (µm) 

Aspect 

Ratio 

Compression 500 1 10 min 500 67 4 1.06 

Compression 400 1 10 min 400 46 5 1.03 

Torsion 450 3.5 N/A N/A 168 18 1.01 

 

The cooling time for the torsion specimen was also somewhat slow in comparison 

to the fast helium quench of the compression specimens. A slower cooling rate gives 

more time for static recrystallization and grain growth, thus producing a microstructure 

with larger grains. A means for faster quenching is needed before a more meaningful 

comparison can be made between specimens tested in torsion and specimens tested in 

compression.  
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There is one more possible reason for the larger recrystallized grain size in the 

torsion specimen compared to the center of the compression specimens. A result of the 

large “dead zones” produced by the compression geometry is localization of much plastic 

flow to the specimen center. Thus, the centers of the compression specimens likely have 

significantly larger effective strains than the torsion specimen. A larger plastic strain 

generally produces a finer recrystallized grain size. This is another possible reason for the 

finer recrystallized grain sizes at the center of the compression specimen than in the 

torsion specimen. Nevertheless, the uniform microstructure produced by the torsion 

testing demonstrates a clear advantage over the nonuniform microstructures produced by 

compression testing.  
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V. CONCLUSIONS AND FUTURE WORK 

 

 

5.1. CONCLUDING REMARKS  

The research investigation presented in this study began by discussing the 

potential benefits of improving the hot rolling process for aluminum and its alloys. This 

prompted the design and fabrication of a hot torsion testing instrument. A series of tests 

was conducted in this investigation to confirm the functionality of the instrument. The 

instrument will be used in future investigations to aid in the understanding of 

microstructure evolution during hot deformation.  

   After the instrument was constructed, its functionality was evaluated. The rotary 

encoder and tachometer were used to confirm the rotational speed during testing. Results 

showed a consistent speed reading from both devices and confirmed the accuracy of the 

measured rotational speed while testing. Another test was conducted to confirm the 

timing synchronization between the torque cell and rotary encoder. It is crucial that these 

devices be synchronized so that meaningful stress-strain data are generated. The test 

results confirmed the synchronization between these two devices. Two experiments were 

conducted at identical strain rates and temperatures to check experiment repeatability. 

The tests confirmed that the instrument is capable of accurately repeating experiments 

conducted with similar testing conditions. 

 A test was performed to compare data from the torsion testing apparatus with data 

available from literature. The torsion instrument generated data similar to the data from 

the literature source, further proving the instrument’s reliability. 
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Microstructures of torsion specimens were compared with microstructures from 

compression specimens tested under similar conditions. A fully recrystallized 

microstructure was observed in the Al-4.5Mg torsion specimen tested at a temperature of 

450°C and a strain rate of 3.5 s
-1

. The torsion test produced a generally uniform 

microstructure through the thickness of the cylindrical specimen, as was desired. This 

microstructure was compared to compression specimens of the same material tested 

under similar conditions.  The compression specimens were annealed for 10 minutes to 

produce fully recrystallized microstructures at their centers, where deformation was 

localized. Results showed a larger recrystallized grain size for the torsion specimen in 

comparison to the compression specimens. It was concluded that a faster quenching rate 

is necessary in torsion tests to avoid static recrystallization. 

 

5.2. FUTURE WORK 

5.2.1. Data Acquisition 

 The current data acquisition setup uses two computers: one computer is used to 

generate a clock signal while a second computer is used to acquire data from the 

instrument. This is primarily because of timing synchronization limitations in the NI USB 

6210 DAQ boards currently being used. It is a future goal to have both the clock signal 

and data acquisition on one DAQ board and use only one computer.  

 One potential solution involves purchasing a more robust DAQ board. National 

Instrument’s NI USB 6225 DAQ board is capable of performing on-board timing for both 
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digital and analog inputs. This allows for timing synchronization between all digital and 

analog inputs active while testing, thus eliminating the need for two computers.      

 

5.2.2. Gas Quenching  

 A means for more rapid quenching is needed to better preserve the 

unrecrystallized specimen microstructure after testing. In the current setup, compressed 

air is injected into the hollow shaft and through the specimen. To achieve more rapid 

cooling, an additional compressed air line should be added to the assembly. The air lines 

should be computer controlled through a solenoid valve, instead of manually controlled, 

to better provide cooling immediately at the end of the test, when the brake on the 

clutch/brake is applied. The outer air line should be directed at the specimen’s gauge 

section to provide cooling to its outer surface. Another option for increasing the specimen 

cooling rate involves the use of helium gas for quenching. Helium is an inert gas with a 

high thermal conductivity, making it an excellent option for quenching.    

 

5.2.3. Instrument Modifications     

 The addition of a second bearing is recommended in the middle section (the 

section with the annular fins and rotary encoder) of the torsion machine. A second 

bearing will help prevent unwanted shaft whirl during testing and improve instrument 

alignment. A high-temperature bearing is recommended as this bearing would be close to 

the radiant furnace.  
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Appendix A: Technical Drawings  
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Bearing Support Block 
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Clutch Riser Plate 

 
Flange Adaptor 
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Spline Shaft  
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T-Block Rail Mount 
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Spindle Shaft 



76 

 

 
Torsion Specimen 1 
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Torsion Specimen 2 
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Grip Assembly 
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Drive Shaft 
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Specimen Grips 
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Specimen Wedge 
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Appendix B: Warner Electric UM-100 Clutch/Brake 
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Appendix C: Omega TQ202 Torque Cell 
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Appendix D: ElectroSensors TR400 Tachometer  
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Appendix E: Encoder Products 25T Encoder 

 

  



98 

 

 



99 

 

  

 



100 

 

 

 

 

 

 

 

 

 

Appendix F: Thermal Analysis on Hollow Shaft 
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function  = 1D_conduction 

 

T_inf = 298; 

T_b = 773; 

h = 15; 

k = 42.7; 

L = 0.305; 

OD = 0.01587; 

ID = 0.00635; 

Ac = (3.14159/4)*(OD^2 - ID^2); 

P = 3.14159*OD; 

m = sqrt((h*P)/(k*Ac)); 

x = 0; 

 

hold on 

 

while x <= L 

 

a = cosh(m*(L-x)); 

b = (h/(m*k))*sinh(m*(L-x)); 

c = cosh(m*L); 

d = (h/(m*k))*sinh(m*L); 

 

T = ((a+b)/(c+d))*(T_b-T_inf)+T_inf - 273; 

 

x = x*39.37; 

 

plot(x,T,'--rs','LineWidth',1) 

 

x = x/39.37; 

x = x + .01; 

 

end 

 

end 
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