
 

Figure 1. (a) Two formats of glass-fibre/epoxy-powder: (left) a stack of semi-preg, (right) dry fabric 

manually distributed between layers. (b) Schematic representation of the alternating layers of resin and 

fabric, with magnification of the plies before and after heat and pressure are applied. (c) Schematic of the 

simplified ply microstructure used to describe resin flow. The element boundary is represented by the 

dashed red line. Note the porous layers are in series (i.e. 1D dual scale flow); diagonal hatching for the 

inter-tow region, and circle pattern for the intra-tow region. (d) A cut-section from a fully consolidated 

laminate manufactured using semi-preg. This figure has been adapted from [14,15].  



 

 

Figure 2. Three types of geometry were created for analysis in Abaqus FEA: (a) a 1D through-thickness 

section; (b) a quartered section of a laminate on a flat tool; (c) an axisymmetric section of a tapered wind 

turbine blade root design (d), where the ply drops have been sectioned for meshing. 

 



 

Figure 3. Comparison of experimental data and simulation data for a 48-ply unidirectional GF/epoxy 

powder laminate manufactured on a heated tool with insulated boundaries: (left) comparison of 

thermocouple data and 1D simulated temperatures from Abaqus FEA; (right) comparison of LVDT data 

and the simulated laminate thickness change. 



 

Figure 4. Percentage error between thermocouple data and simulated temperatures for a 96-ply triaxial 

GF/epoxy powder laminate manufactured in an oven. “Edge” refers to thermocouples located 100 mm 

away from the edge of the 400 x 400 mm laminate. 



 

Figure 5. Contour plots of the 100-ply UD GF/epoxy laminate during the processing. (a) Temperature and 

(b) powder void fraction during the drying stage (4 hr into the cycle). Higher temperatures at the edges 

resulted in faster sintering and uneven thickness change. (c) Temperature and (d) degree of impregnation 

during the impregnation stage (18.67 hr into the cycle). Faster impregnation at the edges could impede 

gas evacuation. (e) Temperature and (f) degree of cure during the curing stage (i.e. 23 hr into the cycle). 

Peaks in the thermal and cure gradients coincided with gelation. The laminate exhibited outside-to-inside 

curing which created a fully cured shell around the partially cured core. 



 

Figure 6. Comparison of 1D and 3D temperature predictions in a 100-ply UD glass-fibre laminate. The 

mismatch between the results was more prevalent when the epoxy was in powder form and the ratio of 

anisotropy of thermal conductivities was greater.  

 

 

Figure 7. Temperature predictions for a 100-ply UD CF/epoxy-powder laminate: (left) shown at 23 hr, the 

temperature gradients in the XZ and YZ planes were asymmetric due to the higher thermal conductivity 

in the longitudinal (X) direction (i.e. parallel to the fibre direction); (right) there was a significant 

difference between the 1D and 3D results for temperature prediction at the centre of the laminate. 



 

Figure 8. Simulated thickness change for the 100-ply UD CF laminate using the standard temperature 

cycle and a modified temperature cycle from [15]. The laminate failed to fully impregnate for the 

standard cycle. By beginning the impregnation stage earlier, the modified cycle achieved sufficiently low 

viscosities to impregnate the carbon fibre tows.  



 

Figure 9. Contour plots of temperature (top) and DoC (bottom) along the XZ plane of a simulated root 

section. The plots show conditions during the cure stage of a standard temperature cycle (i.e. 23 hr into 

the cycle). Large thermal gradients and cure gradients form in the thicker end of the root. 

 

Figure 10. The temperature difference and DoC difference between the outside of the section (Ply 1) and 

the centre (Ply 34) for the modified temperature cycle. The red shaded area represents the period of 

gelation within the section.  



 

 

Figure 11. Contour plots of temperature (top) and DoC (bottom) along the XZ plane of a simulated root 

section. The plots show conditions 18 hr into the modified temperature cycle when the epoxy was 

undergoing gelation. Note that illustrations have been added to the top contour plot to show how the 

thermal boundary conditions (BCs) were applied. 



 

Figure 12. The temperature difference and DoC difference between the outside of the blade root (Ply 1) 

and the centre (Ply 34) when triaxial CF fabric was used. The period of gelation in the laminate was very 

short because there was little or no difference in the DoC (through-thickness) at that point in time. The 

data was taken 185 mm from the end of the section.  

 

Figure A.1. The 3D geometry after being meshed using hexahedral elements. The structured meshing was 

used to preserve the shape of the plies; in this case, the element thickness matched the ply thickness.  



 

Figure A.2. Comparison of experimental data and simulation data for a 60-ply unidirectional GF/epoxy 

powder laminate: (left) comparison of temperature; (right) comparison of thickness change. 

 

Figure A.3. Comparison of experimental data and simulation data for a 44-ply triaxial GF/epoxy powder 

laminate: (left) comparison of temperature; (right) comparison of thickness change. 

 



 

Figure A.4. Simulated temperatures for a 3D 100-ply laminate. Simulation results are shown for two 

analyses with different element sizes (mm) and time step sizes (s). Note the temperatures were taken from 

the in-plane centre of the laminate.  

 

Figure A.5. Simulated thickness change for a 3D 100-ply laminate. Simulation results are shown for two 

analyses with different element sizes (mm) and time step sizes (s).  



 

Figure A.6. The influence of element size and time step size on the overall simulation run time. In both 

cases, increasing the size results in decreasing run time. The time step size was kept at 120s for changes in 

element size, while the element length/width was kept at 30 mm for changes in time step size.  

 

Figure A.7. The time at which each contour was plotted with respect to the temperature cycle. The green 

dashed line represents the time step for Figure 5(a) and (b), while the blue dashed line represents the time 

step to Figure 5(c) and (d), and the black dashed lines represents Figure 5(e) and (f).  

 



 

Figure A.8. 1D simulation results for the tapered root section, taken at the thickest point in the section i.e. 

67 plies thick. One simulation was performed with bagging included, and the other without. There was a 

noticeable difference in the temperature prediction of the topmost ply (ply 67), on the bagging side of the 

laminate.  

 

Figure A.9. Comparison of temperature results for the 1D and axisymmetric simulations. For the 

axisymmetric geometry, temperatures were taken approx. 185 mm from the end of the section. There was 

relatively little difference between the results (max of approx. 2°C).  

 


