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Fiberboards from scrap denim were fabricated using two different resins, 
melamine urea formaldehyde (MUF) and polymeric methylene diphenyl 
diisocyanate (pMDI). Resin content and MUF-pMDI weight ratio were 
studied. Physical and mechanical tests determined the modulus of 
elasticity (MOE), modulus of rupture (MOR), internal bond (IB), thickness 
swell (TS), and water absorption (WA). The resin content had significant 
impact on all properties. The MOE and IB were affected by the MUF-pMDI 
ratio. With 17 wt% more pMDI resin portion in the core layer of the denim 
boards, the IB for the denim fiberboard with a resin content of 15% was 
enhanced by 306%, while by 205% for the resin content of 25%. The 
increase in pMDI portion in the core layer of the boards improved both TS 
and WA of the scrap denim fiberboard. Effective bulk modulus 
elastography (EBME) was used to measure the acoustic reflection for the 
estimation of the strength properties of the denim fiberboard. The modulus 
results from EBME were correlated to the MOR, MOE, and IB of the denim 
fiberboard. A high correlation was found between the modulus from EBME 
and IB (R2 > 0.98). EBME can be a great technique to evaluate the bulk 
modulus distribution of the composites. 
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INTRODUCTION 
 

Denim has been widely used in modern society because denim products are both 

fashionable and durable. The textile industry consumes a large quantity of water and 

chemicals during the production stages, significantly impacting the environment (Luiken 

and Bouwhuis 2015), especially for denim fabrication, as it has an indigo dye process. 

According to Advancing Sustainable Materials Management, in 2014, 16.22 million tons 

of textile waste were generated, while only 2.62 million tons (16.2% of the total waste) 

were recycled. Approximately 3.14 million tons of waste, 19.4% of the total, were 

combusted. The remaining 10.46 million tons (64.4% of the total waste) were sent to 

landfill (United States Environmental Protection Agency 2016). It is urgent to have an 

appropriate way to recycle these textile wastes. Many people in the textile industry try to 

reuse recycled denim fibers in clothing products. The pieces of most denim wastes are 

gathered and shredded in mill machines to obtain the denim fibers. However, those 

recycled fibers reused in weft insert yarns are mostly shorter than virgin fibers (Luiken and 

Bouwhuis 2015). The mechanical strength of recycled fibers is lower than that of virgin 

fibers.  
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Many attempts have been made to use agricultural plant wastes, e.g., kenaf, hemp, 

bamboo, corn, sycamore, tea leaves, peanut, palm fronds, sorghum, sunflower, pulp, 

walnut shell, sugarcane bagasse, rice straw, ramie, and flax, to fabricate natural fiber 

composites (Ndazi et al. 2006; Laemlasksakul 2010; Abolfazl and Ahmad 2011; Nath and 

Mwchahary 2012; Pirayesh et al. 2012; Aghakhani et al. 2014; Batiancela 2014; Iswanto 

et al. 2014; Li et al. 2014; Smith and Shi 2015; Temitope et al. 2015; Xia et al. 2015; 

Cheng et al. 2016; Klímek et al. 2016; Wang et al. 2017; Ferrández-García 2018; Li et al. 

2018; Wang et al. 2020). Denim is a sturdy cotton warp-faced textile, in which the weft 

passes under two or more warp threads. Considered as a natural fiber mainly consisting of 

cotton fibers (McLoughlin et al. 2015), denim is yarn-dyed, mill-finished, and usually all-

cotton, although considerable quantities are of a cotton-synthetic fiber mixture. Figure 1 

shows the denim fibers generated from the used denim textile.  The fiber is composed 

mostly of the long-chain carbohydrate molecule. The secondary wall thickness of cotton 

fibers is directly related to the fiber properties, including strength, reactivity, and dye 

ability. Lewin (2006) shows a computer-generated montage of a cotton fiber segment, from 

which a layered structure of the cotton fiber is demonstrated. The cuticle is supposed to be 

a scoured and bleached fiber surface. The primary wall is a thin layer that provides the fiber 

with structural support and protection. The secondary wall is a thick layer formed inside 

the primary wall with fibrillar structures, providing the fiber with rigidity and strength 

(Lewin 2006). 

 
     Denim fibers 

Fig. 1. Denim fibers and their microstructure 

 

Ultrasonic testing (Bhuiyan et al. 2018), imaging (Boni et al. 2018), and 

evaluations (Sarro and Ferreira 2019) have continuously contributed to academia (Tang et 

al. 2019), industrial (Hwang et al. 2019), and biomedical fields (Sigrist et al. 2017). 

Ultrasound-based techniques provide information such as reflection intensity (Taheri and 

Hassan 2019) and speed of sound (Minh et al. 2019) to estimate discontinuity imaging and 

elastic properties (Reese et al. 2021). Ultrasonic testing techniques have been used to 

analyze natural fiber composites such as oriented strandboard (OSB), plywood, structural 

composite lumber, and fiberboard (Vun et al. 2003; Hsu et al. 2010; Sfarra et al. 2013). 

The benefit of these ultrasonic techniques is that they are non-destructive. Ultrasonic 

testing has been used to analyze mechanical properties, detect defects, and material grading 

(Sandoz 1993; Gonçalves et al. 2011; Yang and Yu 2017).  
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In the conventional acoustic inspection methods, two major divisions are applied 

in the industrial field. By determining the acoustic speed of sound information from the 

tested sample, the ultrasound non-destructive evaluation can estimate the elasticity of the 

sample with a pre-known value density, which is obtained usually by a pycnometer. Hence, 

the measured elasticity is in bulk instead of local distribution on the sample. On another 

side, based on the internal reflection from the tested sample, the defects and discontinuity 

information can be conducted based on their acoustic impedance mismatching with the 

surrounding materials. The examination resolution of the technique is highly connected to 

the operating wavelength. The target voids with a smaller size than acoustic wavelength 

cannot offer an additional echo. 

As a combined technique, elastography provides imaging showing the elasticity 

variance of the materials, which has been recently developed and applied in the industrial 

field (Pantawane et al. 2021). In this study, the effective bulk modulus elastography 

(EBME) technique (Jin et al. 2019, 2020a,b; Neogi et al. 2020) was used to evaluate the 

effective bulk modulus constant between the products and their distribution in the 

horizontal on each plate based on measuring the acoustic impedance and effective speed 

of sound values. As represented by the Newton–Laplace equation, the effective bulk 

modulus is proportional to the density, and the study on the composite product pieces 

elucidated its contrast and distribution. The phase velocity is examined on the sample plates 

to estimate the relative homogeneity contrast along the thickness direction (Jin et al. 2020). 

Other acoustic properties are also determined, such as the coefficient of transmission, 

reflection, and absorption (Legendre et al. 2001). The acoustic properties are highly varied 

in composite samples due to the different processes and recipes. 

 

The Mechanism of the EBME Technique 
Effective bulk modulus elastography (EBME) is a mapping-based ultrasonic 

evaluation technique measuring high-frequency dynamic bulk modulus (compressive 

resistance) K. The dynamic bulk modulus carries the information on the sound velocity c, 

impedance Z, and density ρ using Eq. 1. 
 

𝑲 =  𝝆𝒄𝟐 = 𝒁𝒄        (1) 
 

Unlike the conventional ultrasound technique using shorter wavelength for void 

detection, EBME uses long wavelength estimating effective values along the depth as the 

effective medium theory described. The presence of the defects and discontinuity leads to 

a deviation in the effective bulk modulus values. The calculation of the EBME only 

requires the known value of the sample thickness. As shown in Fig. 2, the transducer 

initially emits a shout acoustic pulse propagation to the target sample with amplitude pe 

(Fig. 2A). The source pulse is separated into a reflection pulse p0 and a transmission pulse 

pe – p0 at the upper surface of the sample (Fig. 2B). The second reflection pulse occurs at 

the lower surface of the sample propagated back to the transducer with amplitude p1 (Fig. 

2C). By measuring the reflection pulses' amplitude and temporal delay, the obtained values 

from the experiments can be translated into the speed of sound in the sample and the 

acoustic impedance mismatching amount between the sample and ambient fluid. The 

dynamic bulk modulus can be calculated by Eq. 2,  
 

             𝑲 = 𝒄 𝒁𝟎 (
−𝟏−
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where 𝒑𝒆 is the maximum absolute magnitude of the emitted pulse from the transducer, 𝒑𝟎 

and 𝒑𝟏 are the maximum absolute magnitude of reflection from the front and back surface 

of the sample, 𝒕𝒇 and 𝒕𝒊 are the start point and endpoint of the pulse, which is determined 

from an automatic algorithm, 𝒄 is the speed of sound in the sample, which is defined as 

follows, 

𝒄 =
𝟐𝒅

𝒕𝐟−𝒕𝒊
                                           (3) 

where 𝒅 is the thickness of the sample, and 𝒁𝟎 is the reference acoustic impedance of the 

ambient material (deionized water in this study).  

 
 

Fig. 2. Illustration of EBME measurement at three closer time points 𝑡0 <  𝑡1 < 𝑡2 

 
 
EXPERIMENTAL 
 

Denim fibers were provided by VF Jeanwear (Greensboro, NC). These denim fibers 

were from the cut-outs of used denim textile generated at sawmills. Two resins were used 

in the fabrication of the denim fiberboard samples, polymeric methylene diphenyl 

diisocyanate (pMDI) resin, obtained from Huntsman LLC (Woodlands, TX), and 

melamine urea formaldehyde (MUF) resin, obtained from Hexion Inc. (Hope, AR).  

The denim fiberboards were fabricated with three layers – top, core, and bottom- 

glued separately by MUF, pMDI, and MUF, respectively. Since pMDI resin tends to bond 

to the plates, it was used only in the core layer, while the MUF was used for the top and 

bottom layers.  In the fabrication of a denim fiberboard, the denim fibers were put into a 

homemade drum blender, which a barrel rotating on a rolling device. While the blender 

rotated at 20 cycles/min, the resin was sprayed into the blender at a rate of 0.2 L/min. After 

all the resin was sprayed into the drum, the blender was kept running for another five more 

minutes to allow an even resin distribution. The resonated denim fibers were hand formed 

in a 1 ft by 1 ft forming box with a metal plate on the bottom. A release agent (Chem-

Trend, Howell, MI) was sprayed on the plates evenly before forming to avoid resonated 

denim fibers being bonded to the metal plates. The formed resonated denim fiber mat was 

first cold pressed (Carver press, Dake Inc.) to reduce the mat's thickness and allow the 

adhesive to penetrate the fibers. The denim fiber mat was moved to a hot press to be 

consolidated into the final denim fiberboard. The temperature of the hot press was set to 

165 °C. The pressure was set at 5 MPa, and the pressing time was 10 min. During the hot 

pressing, after the initial pressing, the pressure was reduced to 2.5 MPa for 1 min to allow 

the steam to come out of the mat to avoid the blow defect, and then increased to the target 
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pressure. Acetone purchased from W. M. Barr and Co., Inc. (Memphis, TN) was used to 

function as a release agent and clean the pMDI resin from the sprayer. Board dimension: 1 

ft (length) × 1 ft (width) × 3/8 in (thickness); density: 48 pcf (0.77 g/cm3); Equilibrium 

moisture content of board: 8%. The detailed experimental design is shown in Table 1. Five 

replicates were used for each condition. 

 

Table 1. Experimental Design 

Weight Ratio  
MUF: pMDI: MUF 

Adhesive Content 

15% 25% 

1:1:1 
Five replicates with  
Series No.: 15111 

Five replicates with  
Series No.: 25111 

1:2:1 
Five replicates with  
Series No.: 15121 

Five replicates with  
Series No.: 25121 

 

For the 15111 and 25111 lay-ups, the thickness of each layer was 1/3 of the total 

board thickness. For the 15121 and 25121 lay-ups, the thickness of the top and bottom 

layer was ¼ of the total fiberboard thickness, while the thickness of the core was ½ of the 

total board thickness. After trimming the edges, the denim board sample was 11 inches by 

11 inches. For each board, 2 bending specimens for modulus of electricity (MOE) and 

modulus of rupture (MOR) properties, 5 internal bond (IB) specimens, and 5 thickness 

swell (TS) and water absorption (WA) specimens were cut. All test samples were placed 

in a conditioning room at 65  5% RH and 20  3 C for >120 h to reach their equilibrium 

moisture content. The moisture content of the specimens was determined according to 

ASTM D4442 (2016). The specific gravity (SG) was measured in accordance with the 

procedure described in ASTM D2395 (2017). Eight replicates were used. The physical and 

mechanical tests were conducted in accordance with the procedure described in ASTM 

D1037 (2020). For the IB testing, an Ad Tech 962 hot melt glue was used to bond the 

denim board specimen to the aluminum alloy blocks. The bending tests specimens were 

prepared to be 3 inches in width by 11 in. in length (2 in. plus 24 times the nominal 

thickness). Three-point bending tests were loaded at the center of span with the load applied 

onto the specimen's top surface. The loading speed was set at 5 mm/min with a span of 9 

in. (24 times the nominal thickness). The SGs were measured from 0.84 to 0.89. A universal 

testing machine Shimadzu AGS-X with a maximum load of 5 kN, was used for the test. 

 

 

RESULTS AND DISCUSSION 
 

Figure 3 shows that both MOE and MOR increased as the resin content increased. 

The higher pMDI resin proportion (weight ratio of using MUF: MDI: MUF is 1:2:1) was 

used in the denim fiberboard resulted in higher the MOR and MOE values. As the resin 

content increased from 15% to 25%, the MOE was increased by 56.1 to 87.1%, while the 

MOR value increased by 128.2% for the 111 layups and by 74.9% for the 121 layups. As 

the resin weight ratio of MUF: pMDI: MUF increased from 1:1:1 to 1:2:1, the MOE value 

increased by 41.3% for 15% resin content and 17.9% for the 25% resin content, while the 
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MOR was increased by 71.3% at 15% resin content and by 31.2% for 25% resin content. 

ANOVA was conducted for the data analysis of MOE. The F values were calculated as 

11.26, 61.29, and 0.10 for weight ratio, adhesive content, and interaction, respectively. In 

comparing with F0.05,1,16 = 4.49, it was determined that both weight ratio and resin content 

effects were significant, while the interaction between the two factors was not significant.  

 

  
 

Fig. 3. Bending properties of the denim fiberboard of four different formulations 
 

The IB strength results are shown in Fig. 4. As expected, the board with 111 layups 

had a relatively lower IB than that for the 121 layups. This is because less pMDI resin was 

used in the 111 layups. The 121 layup had 17% more pMDI in the core, while 17% less 

MUF was used in the top and bottom layers. However, the IB of 121 layups was 306% 

higher than that of 111. As the resin content was increased to 25%, the increase in IB for 

the board with 17% more pMDI in the core was reduced to 205%. The contribution of 

pMDI to the IB was more effective at lower resin content. From the ANOVA for the IB, 

the F values were calculated as 45.28, 3.43, and 0.0015 for weight ratio, resin content, and 

interaction, respectively. Compared to F0.05,1,16 = 4.49, it was determined that the weight 

ratio had a significant effect on the IB. In contrast, the effect of the resin content and the 

interaction between the resin content and weight ratio were insignificant.  

 

 
 

Fig. 4. Internal bond for the denim fiberboard of four different formulations 

 

Figure 5 shows that the denim fiberboards with higher resin content had less TS 

and WA. The TS for the board with 25% resin content was 8.4 to 11.1%, which is lower 

than that with 15% resin content of 11.7 to 53.1%. However, more pMDI used in the core 
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would contribute to the TS. With 17 wt% more pMDI used in the core layer and 17 wt% 

less MUF used in the top and bottom layers, a lower TS was still obtained (9.6% for the 

sample 15121 compared to and 11.0% for the sample 25111). The ANOVA was conducted 

on the TS data, and the F values were calculated as 84.28, 56.42, and 39.49 for weight 

ratio, adhesive content, and interaction, respectively. Compared to F0.05,1,16 = 4.49, the 

effects of MUF-pMDI weight ratio, resin content, and their interaction were all significant.  

Figure 5 shows that the WA of the sample 15111 was the highest, 53.42% on 

average. The WA of sample 25111 was obtained as 17.06% on average, both were higher 

than that when the more pMDI was used in the core layer (samples 15121 and 25121). 

With 17 wt% more pMDI in the core layer, even though 7 wt% less MUF was used for the 

top and bottom layers, the average WAs were 16.49% less for sample 15121 and 11.35% 

less for sample 25121.  

 

  
Fig. 5. Thickness swell and water absorption for the denim fiberboard of four different 
formulations 

 
Both TS and WA results had a similar trend as those for the IB of the denim 

fiberboard, indicating that a good IB can induce a good resistance to the WA and TS. The 

average WA of samples 25111 and 25121 were obtained at 17.06% and 11.35%, which 

were 68.1% and 31.2% lower than those of samples 15111 and 15121, respectively. 

The mechanical and physical properties of the denim fiberboard obtained from this 

study were comparable to the reported properties of the medium density fiberboard (MDF) 

(Mohebby et al. 2008). The denim fiberboard presented higher MOR (20 to 60 MPa), MOE 

(3,000 to 6,700 MPa), and IB (0.17 to 1.22 MPa), compared to those of MDF, 12 to 17 

MPa for MOR, 1,750 to 2,100 MPa for MOE and 0.11 to 0.12 MPa for IB. The TS of 

denim fiberboard was in a range of 8 to 24% as compared to that of MDF (17 to 24%). The 

24-hour WA was in a range of 11 to 53%, which was much less than that of the MDF (120 

- 130%). The main reason for the better physical and mechanical properties of the denim 

fiberboard is that besides the higher denim fiber strength compared to that of the wood 

fiber, the resin used in this study was different, pMDI and MUF as compared to the urea 

formaldehyde (UF) resin used for the MDF.  Also, the resin content used in this study was 

higher (15 to 25%) as compared to that used in the MDF (10%). 

 

Modulus of the Denim Fiberboard Measured from EBME 
Figure 6 shows the results of acoustically measured dynamic bulk modulus 

distribution over 4 sample plates with different recipes. Samples 15111, 15121, 25111, and 

25121 were separately located in the upper left, upper right, lower left, and lower right in 

Fig. 6. The four samples were separated by 1 mm from each other. The red scale indicated 
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the linear scale dynamic bulk modulus from 0 to 7 GPa, while 0 GPa referred to the empty 

space between the samples. The tested areas of each sample were 40 mm by 30 mm in the 

scanned area. The averaged dynamic bulk modulus values of the plates with standard 

deviations were obtained as 3.015 ± 0.7088 GPa (15111), 4.362 ± 0.7296 GPa (15121), 

3.289 ± 1.0382 GPa (25111), and 5.597 ± 0.8695 GPa (25121). The contrast of dynamic 

bulk modulus between the samples agreed with the previously measured static elasticity 

contrast. Additionally, the estimation of the elasticity variance can be important to the 

composite characterization, while it would be difficult to obtain from the conventional 

mechanical testing methods. 

The lateral bulk modulus distribution is directly proportional to the effective density 

distribution and refers to the stability of the composition recipe and the corresponding 

manufacturing process. Based on the map shown in Fig. 6 and the standard deviation 

values, it can be concluded that samples 15111, 15121, and 25121 had better stability in 

terms of linear elastic incompressibility compared to Sample 25111. Sample 25111 clearly 

had a larger variance in distribution, which probably resulted from the poor compatibility 

between the composition recipe and the manufacturing process. For future manufacturing 

optimization, the role of dynamic bulk modulus distribution would be more significant 

during parametric sweep studies. To accomplish this, the horizontally averaged frequency-

dependent phase velocity in the four samples along with their corresponding standard 

deviation were analyzed (Fig. 7). 

 
 

Fig. 6. Acoustic property dynamic bulk modulus distribution over four different recipes of denim 
fiberboard, 15111 (upper left), 15121 (upper right), 25111 (lower left), and 25121 (lower right). 

 

 

 

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shi et al. (2023). “Denim fiberboard tested by EBME” BioResources 18(2), 3279-3294.  3287 

 

 
 

Fig. 7. Horizontally averaged frequency-dependent phase velocity for the four denim fiberboards 
 

Over the studied frequency range, sample 25121 had the highest phase velocity in 

the entire pulse envelope. Samples 15121 and 15111 averaged 0.4% and 2.2% lower phase 

velocity compared to 25121. However, the frequency dependence of the phase velocity 

between those three samples was approximately identical (Fig. 7). Sample 25111 

determined different frequency dependence with a larger slope. With the increase in 

frequency of the phase components, the phase velocity reduction amount was significantly 

larger than that of the other samples, indicating a larger scattering effect occurred in sample 

25111 along the depth direction. The higher scattering effect in 25111 was highly possible 

due to the larger inhomogeneity in 25111 along the thickness direction. The right-hand 

curve in Fig. 7 illustrates the standard deviation of the frequency-dependent phase velocity. 

Similar to the averaging, the standard deviation was obtained from the horizontal array 

distribution. Hence, the physical representation of the standard deviation referred to the 

horizontal contrast of the vertical inhomogeneity along the sample plates. Sample 15111 

had the highest difference on the XY plane in depth inhomogeneity. Sample 25121 still 

illustrated the best performance in this comparison. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shi et al. (2023). “Denim fiberboard tested by EBME” BioResources 18(2), 3279-3294.  3288 

 
 

Fig. 8. Frequency-dependent averaged coefficients of reflection, transmission, and absorption 
over XY plane for the denim fiberboard 

 

The reflection and transmission coefficients were measured separately from 

monostatic and bistatic tests with the same samples, ambient (water), and source/detectors 

(Fig. 8). The absorption coefficient was estimated based on calculating the remaining pulse 

energy from the emission source besides the reflection and transmission. Generally, all 

sample plates showed large acoustic absorption between 5 to 15 MHz. With different 

recipes and manufacturing, the acoustic energy separation behaved differently with an 

identical acoustic pulse source incidence. Both samples 15111 and 15121 had outstanding 

reflection coefficients. Samples 25111 and 25121 showed lower reflection coefficients. 

Sample 15111 transmitted a very limited amount of energy, where around 60% of energy 

was absorbed from 5 to 9 MHz and averaged 80% of the energy absorbed from 9 MHz to 

15 MHz.  

From 5 to 9 MHz, sample 15121 showed approximately 40% energy absorption 

and 80% absorption in the higher frequency range. For samples 25111 and 25121, the 

reflection coefficients showed less frequency dependence. The transmission and absorption 

coefficients behaved approximately proportionally, decreasing and increasing with the rise 

of the operating frequency. Sample 25121 showed maximum transmission in the lower 

frequency range due to higher density and compressibility. The testing results in this 

section showed great potential for the property engineering of denim fiberboard. Besides 

the commonly studied mechanical properties, the acoustic properties of the fiberboards can 

be artificially designed and modified by varying the recipe and manufacturing process to 

realize an acoustic resistor or damper.  
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The moduli from the acoustic testing were similar to those tested MOEs, ranging 

between 3 to 6 GPa (Fig. 9). However, the correlation between the moduli from the EBME 

measurements and the MOE and MOR measured from the mechanical testing was not 

strong (R2 ~ 0.50). The EBME technique measures the material's internal structure through 

the acoustic signals.  

The modulus determined from EBME may not reflect the bending strength and 

modulus of the fiberboard directly. However, it would be more related to the internal 

bonding properties for the fiberboard. This was confirmed from the results on the 

relationship between the modulus from EBME and IB shown in Fig. 10. As shown in Fig. 

10, A great correlation (R2 > 0.98) was obtained between the modulus from EBME and the 

fiberboard's IB property. Therefore, the modulus determined from the EBME can be used 

as a good indicator for the IB, which is a critical property for the composites (Fig. 10). 

 

 

 

 

 

 
 
Fig. 9. Relationship between the modulus from the acoustic test and the bending properties 
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Fig. 10. Correlation between the modulus measured from acoustic testing and the internal bond 

 

 
CONCLUSIONS 
 

1. The denim fibers were successfully fabricated into the denim fiberboard. The internal 

bond strength (IB) of the denim fiberboard was significantly improved when more 

polymeric methylene diphenyl diisocyanate (pMDI) was used in the core of the board. 

It was shown that when using 17 wt% more pMDI in the core, the internal bond strength 

was enhanced by 306% for the 15% resin content and 205% for the 25% resin content. 

When 17 wt% more pMDI was used in the core of the fiberboard, the thickness swelling 

(TS) and water absorption (WA) after the 24-hour water emersion test were reduced by 

60% and 69%, respectively at 15% resin content and 27% and 15% respectively at 25% 

resin content.  

2. The effective bulk modulus elastography (EBME) technique is a great nondestructive 

tool for evaluating the internal structure of the composites. The modulus obtained from 

the EBME technique through the acoustic absorption and transmission measurements 

strongly correlated with the composites' internal bond properties. However, no specific 

correlations were found between the EBME modulus and bending properties of the 

fiberboard. 

3. The EBME provides dynamic bulk modulus elastography, and the relative contrast in 

elasticity can be examined within the horizontal plane of the board. The elasticity 

distribution in the horizontal planes over each sample plate demonstrated the stability 

and compatibility between the composite recipes and manufacturing processes. The 

contrast in the slope and deviation in frequency dispersive phase velocity can be used 

to determine the uniformity in the vertical (thickness) direction, which was 

perpendicular to the layer structures on the sample plates with great variance in the 

acoustic absorption and transmission. 
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