Testing of Aluminum Crushzone
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Introduction
Formula SAE rules state that a frontal impact attenuator must be implemented ahead of the front bulkhead. The impact attenuator must be capable of decelerating the car within an acceptable limit. The rules allow for almost any form of energy absorber since the “acceptable limit” is left up for the designer to decide. 

Some team’s designs absorb diminutive amounts of energy and decelerate the car to excessive G forces, potentially harming the driver. Figure 1.0 displays some typical designs for frontal impact attenuators at the 2005 FSAE event. 

Figure 1.0                         Typical Impact Attenuators 
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Objective

 To design a frontal impact attenuator that absorbs a large amount of energy, while decelerating the vehicle within an acceptable limit that in no way will fatally harm the driver. 
Preliminary considerations
To determine an acceptable deceleration limit for the vehicle the Head Injury Criteria was to be used as the limiting factor in a crash. The Head Injury Criteria (HIC) is a formula (figure 1.1) developed through experimentation based on the average value of the acceleration over the most critical part of the deceleration during a crash. The HIC will differentiate between a fatal and a survivable crash. The  (t2-t1) term is the sample time during deceleration to maximize the HIC. For simulations and calculations t2-t1 ≤ 36 ms was chosen based on FMVSS regulations. FMVSS states that an HIC > 1000 will cause fatality in a crash.   

Figure 1.1                      Head Injury Criteria Formula 
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Aluminum was to be considered because of its ability to absorb energy in a predictable, stable, and linear manor. Aluminum is readily available and affordable for a typical FSAE team. 
The impact attenuator was to be designed to mount under the body of the vehicle. The maximum space underneath the body was approximately 165 mm extruding from the front bulkhead. The crash is assumed to be head on because of the limited space for a complex design under the body of the vehicle. The assumption of a head on crash is valid on the FSAE race track. 
Design

After careful thought on driver safety, space constraints, and practicability, a design was drafted shown in figure 1.2. Notice that the tubes are placed on a chassis node to ensure the tubes do not penetrate the front bulkhead, potentially harming the driver. By placing the tubes on a chassis node also ensures the aluminum tubes buckle before the chassis tubes do. The tubes are angled at the top of them to meet the spacial needs of the body. Holes were strategically drilled along the tubes on two opposing sides to ensure stable, global bucking of the tubes. Sleeve consisting of 1020 mild steel were welded onto the chassis nodes so that the aluminum can be fitted overtop of them. Cotter pins were placed through the aluminum tubes and the sleeves to prevent the tubes from vibrating off the sleeves.

Figure 1.2
Frontal Impact Attenuator
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To prove the design was feasible for a FSAE vehicle many different calculations and testing methods were performed. Simple hand calculations were performed to first justify if the design would theoretically work. Next LS DYNA performed a non linear computer simulated crash. Next physical testing was to be done to further convince the design was superior. 
For a 25 – 30 km/hr head on crash, approximately 8500 KJ of kinetic energy would need to be absorbed
, 4250 KJ for each tube. Taking a stroke efficiency of 55% and the total length of the tube being 150 mm, the average crush force was determined to be approximately 50 KN. 
The optimum alloy of aluminum proven in crash tests was 6061 – T4 and 6061 –T6. Depending on the application of the crash T4 and T6 are both suitable, however T4 was first selected. Aluminum tubing with the following dimensions: 38.1 x 38.1 x 150 mm with a wall thickness of 3.175 mm; gave an average crush force of 50 – 70 KN depending on the dimension, shape, number, and location of the holes drilled into the tube.  

LS DYNA was simulated on the combined frame/crushzone system of the vehicle. The frame was assumed to be a rigid structure and was not allowed to deform. This was valid assumption since the frame is much stronger than the aluminum tubes and will therefore buckle after the aluminum tubes have densified. The assumption was also conservative since the deformation of the frame would allow for more energy to be absorbed. The results from LS DYNA showed that the tubes would deform in a linear and stable manner. LS DYNA results showed a HIC of 257 at point chosen at the very top of the head, illustrating a safe impact attenuator design. 
Next Physical testing was performed to acquire additional data on the feasibility of the new impact attenuator design. Several 6061-T6 aluminum tubes were obtained from a local supplier. T4 heat treatment has low strength properties and because it is not an ideal construction material its availability is limited. To obtain T4 heat treatment from T6, a specific heat treatment process was performed
 (Figure 1.3). A Rockwell Hardness Test was done before and after the heat treat to validate the effectiveness of the heat treat process. The Rockwell hardness values obtained for the T6 and T4 were 79.7 and 70.9 respectively
. 
Figure 1.3        

Heat treatment of tubes to T4 condition
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The tubes were placed in a Tinius Oisen machine that allowed them to be crushed. The tubes were crushed with a strain rate of 5 mm/s. Aluminum is strain rate insensitive so a slow rate was selected to allow pictures to be taken so the specimen can be examined through its buckling. A Force Vs Displacement graph was generated and allowed energy to be  calculated by integrating the curve. 
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� Kinetic Energy Formula based on mass of  a 225 Kg vehicle plus a 60 kg driver.


� Tubes were placed into an oven at 950 F for one hour and then immediately quenched in water at room temperature. 


� According the T-15 scale using a 15 kg load and a 1/16” tungsten carbide ball





