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Figure 4-10: 28 Days' Average Compressive Strength for OPC, GPC, and
FPGPC.
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Figure 4-11: Seven Days' Average Compressive Strength for OPC, GPC, and
FPGPC.

Similarly, Figure 4-12 shows an average compressive strength for samples cured
for three days. The strength for cement concrete seems to decrease with a decrement in
curing time. However, the geopolymer and FPGPC samples tend to increase the strength

with lower curing time.
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Figure 4-12: Three Days' Average Compressive Strength Data for OPC,
GPC, and FPGPC.

4.3 SEM Images
SEM produces images by exposing the surface of a sample to a focused beam of
electrons. The electron beam interacts with the atoms of the sample and reflects electrons,
emits secondary electrons, and produces electromagnetic radiation such as X-rays and
cathodoluminescence. Each of these phenomena can be detected and analyzed by
specialized techniques. In SEM, the signal is converted into digital images with a
resolution between 1 nm to 20 nm.

43.1 Description of SEM (Alfred Gunasekaran, Ph.D. IFM Resources)

The AMRAY SEM (Model: 1830) is a low-resolution scanning electron
microscope, currently fitted with a tungsten filament as the electron source. This SEM is
generally operated at slightly higher electron beam energies (15-30 kV), and it has a
resolution of ~ 5-10 nm under optimum conditions. The electron optical column is
maintained at low pressures (< 10-6 Torr) by a turbo molecular pump and an ion pump.

All the SEM controls are manual, and the alignment of the electron column can be easily
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performed. The specimen chamber has a drawer-like design for loading specimens, and
the working distance can be manually adjusted. This configuration allows for imaging
both thick specimens and thin wafers in this SEM. The available X-Y motorized
specimen stage facilitates locating the region of interest on the sample's surface.
Capabilities:
e Ordinary materials, such as metals, ceramics, polymers, and machined or
stamped materials, concretes, and other solid materials can be imaged.
e Elemental X-ray analysis can be performed, and the images can be captured in
digital format.
e Thick specimens with a height approximately 1.0 mm to 25 mm can be
imaged.

Sample Preparation Protocol

The samples of frontally polymerized geopolymer concrete were organized by
mounting strips of double adhesive sided conductive carbon tape upon a steel mounting
stage. A granulated portion of the sample was dusted onto the adhesive surface. The stage
mounted samples were then placed into the SEM and images were focused and balanced
before recording.

Sample Characterization

The samples were found to contain spheres of various diameters and a granular
aggregate (Figure 4-13). One of the components of the material was fly ash (Figure 4-15).
Fly ash is a byproduct of coal burning in power plants. It forms in hot air from exhaust

gases and aggregates into spherical structures. The granular aggregate is probably
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composed of sand (silica) granules, small fly ash residue, and sodium silicate and organic

polymers due to the frontal polymerization materials.
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Figure 4-13: SEM Image of the Sample at Showing Spheres of Various
Diameter.

Upon closer examination, it was found that the materials used in the preparation
of the samples were not perfectly bonded but had smaller voids in between (Figure 4-14).
These voids might be the cause for the samples to have low compressive strength in
comparison to geopolymer or cement concrete. One of the reasons for the presence of
voids might be due to the inability of the monomer or initiator to complete
polymerization and form a solid polymer.

Also, the fly ash spheres found in the samples seem to be isolated with the
remaining cluster of polymerized samples (Figure 4-15). To overcome this limitation,
bonding is required between fly ash spheres with a polymerized cluster which might be
obtained through an additional chemical like trimethoxysilane that has shown capabilities

to enhance internal bonding of fly ash spheres.
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Figure 4-14: SEM Image Showing Voids Present in the Sample.
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Figure 4-15: SEM Image Showing an Isolated Polymerized Cluster and Fly Ash
Sphere.
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might be the presence of residual ammonium in the synthesized ALPS.
Repetitive washing of ALPS with distilled water should help to get rid of the
residue. Also, MMA is a very volatile monomer which might have been
another reason for the presence of voids in the sample. Choosing a different
non-volatile monomer might help to have a better product

e Any existing chemicals used in the experiments can be altered to create a
product with better performance and finish.

e Failure mode on the FPGPC samples were observed. Samples were spotted to
have asymmetrical diagonal and vertical cracks along with complete crushing
of samples from the bottom without a specific pattern of failure. One reason
for this might be the friction along with the compressive force applied from
the plates and the irregular voids present in the sample (Figure 5-2).

e Bonding abilities can be tested with several monomers and crosslinkers such
as  Hexamethylene  diacrylate, Polyethylene  (glycol) diacrylate,
Trimethylolpropane ethoxylate triacrylates, and Pentaerythritol tetraacrylate to

get materials with different strengths (Table 5-1).

5.2  Future Work and Implementation
The samples created using FPGPC have shown possibilities to utilize the
industrial wastes (fly ash) and form a solid material with strength capabilities. The study
can be multi-dimensional with curing time, different proportion of monomer-initiator
used, the volume of the cross-linker, and the type of filler material. However, this
research only focuses on studying the possibilities with different monomer and initiator

ratios with fly ash and sand as a filler material.
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Figure 5-1: Gas Pockets Seen on the Prepared Samples.

Table 5-1: Summary of Other Possible Monomers and Crosslinkers.

No. Name of the Chemical Chemical Structure
1 Hexamethylene Diacrylate Y(i OW\/off\
2 Polyethylene (glycol) Diacrylate /\g[OJJLOJo’\/

ol
3 Trimethylolpropane Ethoxylate Triacrylates )Lwo j@oi(
o
4 Pentaerythritol Tetraacrylate

This study also emphasizes on curing the samples with a frontal polymerization
technique, which has capabilities to propagate on its own after heat application for a short

duration of time. This property integrated with the samples makes the process noble and
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different. The study can be expanded with changes in the curing method such as UV Cure
or Solar cure, where sunlight can be used as a heat source to start the chain reaction.
Also, different monomer and initiator with reformed chemical properties can be added in

the mix to obtain the desired results.
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Figure 5-2: Different Failure Pattern Observed in FPGPC Samples.

Figure 5-3 below shows an early study performed with solar curing to prepare the
sample. The process took almost 12 minutes to complete and was exposed to
concentrated light passing through a hand lens for about six minutes to give a finished
product. Curing the samples with solar energy and utilizing fly ash makes the process
environment-friendly to produce Green Concrete. This process not only utilizes the waste
products but also saves significant curing energy overcoming the limitation possessed by
traditional geopolymer concrete. In addition, the method saves land area used for
discarding fly ash and cuts off CO2 released during cement production to acquire the

green credits.
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Figure 5-3: Curing Possibilities of the Sample with Sunlight.

Moreover, different chemicals can be integrated into the mix to obtain concrete
with various properties. Some of the possibilities can be the addition of antibacterial
chemicals to fight back against organics released in sewer lines, or chemicals that have
abilities to sustain sulfate attack, prolonging the life of structures built, and overcoming
some of the limitations of traditional concrete.

Figure 5-4 shows a possibility of the research in developing modified geopolymer
product that has superior durability, corrosion resistance properties and better finish along
with faster curing time, which might prove to be a great alternative to the existing system

for sewer and water mains or rapid pavement development.



55

Figure 5-4: Some Areas of Future Implementation.

Other possibilities could be developing a 3D printing device integrated with a heat
source that pour the modified concrete to the particular design and cure it simultaneously
(Figure 5-5). The benefits of the study along with future possibilities can be summarized

through Figure 5-6.

Figure 5-5: Research Possibilities in 3D Printing.



Superior
Durability
and oL
Corrosion
Resistance

3D Printing S
Reuse of Cost
Industrial Eff °§.
Wasta ective

Figure 5-6: Summary of Benefits and Future Potentials.
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SUMMARY OF OPTIMIZATION OF THE MIX

APPENDIX A

Table A-1: Mix Trials.

No. AAM | AAM (aq) | MBAA Water APS NaOH
1* - 4.50 0.45 4.50 0.45 -

2 - 2.25 0.45 - 0.45 -

3 - 2.00 1.00 - 1.00 -
4 - 3.50 0.45 - 0.45 -

5 - 3.00 0.55 - 0.50 -

6 - 3.50 0.47 - 0.45 -

7 - 3.50 0.45 - 0.45 -
8* - 4.50 0.45 - 0.45 -
9* - 4.50 0.45 - 0.45 -
10 4.50 - 0.45 4.50 0.45 -
11 1.00 - 0.10 1.00 0.10 -
12 1.00 - - 1.00 0.10 -
13 1.00 - 1.00 0.10 0.10 1.00
14 1.00 - - 1.00 0.10 1.00
15 1.00 - 1.00 0.5 0.50 -
16 1.00 - 1.00 1.00 1.00 -

All units are in grams
*Unsuccessful Trials
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Table A-2: Mix Trials (Continued)
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No. AAM AAM (ag) | MBAA Water APS FA
17 1.00 - 1.50 1.00 0.50 -
18 1.00 - 1.00 1.00 3.00 -
19 1.00 - 1.00 1.00 2.25 -
20 1.00 - 1.00 1.00 2.00 -
21 1.00 - 1.00 1.00 2.15 -
22 1.00 - 1.00 1.00 2.10 -
23 1.00 - 1.00 1.00 2.10 -
24 4.50 - 4.50 - 0.90 -
25 1.00 - 1.00 - 1.00 -
26 1.00 - 1.00 - 0.75 -
27 1.00 - 1.00 0.60 -
28 1.00 - 1.00 - 3.00 -
29 1.96 - 1.96 1.96 4.12 -
30* 1.00 - 1.00 - 2.10 20.00
31 1.96 - 1.96 1.60 4.12 4.50
32 1.96 - 1.96 1.50 4.00 -
33 1.96 - 1.96 1.50 4.00 5.00
34 1.96 - 1.96 1.50 3.80 -
35 1.96 - 1.96 1.50 3.50 -

All units are in grams
*Unsuccessful Trials



Table A-3: Mix Trials (Continued)
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No. | AAM | MBAA | Water | APS | FA | SS | DMSO | MMA | AA | ALPS
36 | 090 | 045 | 090 |045| - - ; ] ] ]
37 | 090 | 045 | 045 |045| - |158| - - ; ;
38 | 040 | 04 | 020 | 082|800 |280| - - ; ;
39 | 1.00 | 1.00 | 1.00 |210| - |1.00| - - ; ;
40 | 0.90 | 0.10 | 090 |0.10| 800 |280| - - ; ;
41 | 098 | 098 | 098 |206| 370 |1.30| - - ; ;
42 | 170 | 017 | 1.28 | 014 | - - - - |o80| -
43 - | 010 - |o20| - - | 100 | 1.00 | - -
44 | 050 | 0.05 - | 010 |2200|7.64| 050 - - ;
45 | - | 010 - |100| - - | 100 - |100]| -
46 | - | 0.10 - |os0| - - | 1.00 - |100]| -
47 | - | 0.10 - |ors | - - | 100 - |100]| -
48 | 1.00 | 0.10 - | 020|920 |330]| 1.00 - - ;
49 | 1.00 | 0.10 - |o20| 750 | - | 1.00 - - ;
50 | - | 0.20 - - - - - 115 | - | 1.00
51| - | 050 - - - - - 122 | - | 1.00
52 | - | 1.00 - - - - - 100 | - | 050
53| - | 070 - - - - - 100 | - | 050

All units are in grams
* Unsuccessful Trials



Table A-4: Mix Trials (Continued)
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No MBAA FA SS NaOH MMA ALPS
54 0.50 - - - 1.00 0.50
55 0.40 - - - 1.00 0.50
56 0.40 - - - 1.00 0.40
S57* 0.40 8.60 2.00 1.00 1.00 0.50

All units are in grams
*Unsuccessful Trials



APPENDIX B

COMPRESSIVE STRENGTH DATA

Table B-1: 28 Days' Compressive Strength Data for FPGPC.

Sample | Weight (Ib.) | Load(lb.) | Peak Stress(psi) Modulus of Elasticity(psi)
1 433 2,820 897 27,518
2 410 1,260 402 18,088
3 434 1,520 484 43,057
4 411 2,050 652 36,879
5 430 2,620 835 23,898
6 434 2,230 710 34,232
7 413 2,570 818 39,579
Average 424 2,153 685 31,893
Table B-2: Seven Days' Compressive Strength Data for FPGPC.
Sample | Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)
1 412 3,230 1,027 72,645
2 410 3,420 1,087 69,210
3 414 3,060 973 90,050
4 415 2,110 672 39,795
5 416 2,670 851 62,755
6 415 2,400 764 59,790
7 415 2,380 756 42,745
Average 414 2,753 876 62,427
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Table B-3: Three Days' Compressive Strength Data for FPGPC.

Sample | Weight(lb.) | Load (Ib.) | Peak Stress(psi) | Modulus of Elasticity(psi)

1 407 2,730 869 57,865

2 411 2,770 882 63,518

3 416 2,700 859 62,420

4 413 2,830 902 77,914

5 404 2,990 953 79,163

6 400 2,880 917 64,384

7 408 3,100 988 66,042
Average 408 2,857 910 67,329
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Table B-4: 28 Days' Compressive Strength Data for GPC.

Sample | Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)
1 487 6,600 2,101 134,051
2 477 6,550 2,083 161,723
3 476 7,850 2,500 300,659
4 478 6,700 2,132 177,865
5 477 8,010 2,579 278,783
6 456 7,930 2,524 130,435
7 462 6,670 2,123 120,127
Average 473 7,187 2,292 186,235
Table B-5: Seven Days' Compressive Strength Data for GPC.
Sample | Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)
1 431 8,660 3,381 128,729
2 424 7,430 3,843 148,282
3 419 10,030 3,716 158,972
4 413 7,610 3,764 142,789
5 422 9,420 1,205 124,708
6 430 9,980 5,150 191,137
7 422 8,820 2,241 84,021
Average 423 8,850 3,329 139,805




Table B-6: Three Days' Compressive Strength Data for GPC.
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Sample Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)

1 430 8,543 2,755 118,278

2 424 7,210 2,365 139,567

3 419 9,980 3,192 144,812

4 413 7,325 2,424 136,611

5 422 8,975 2,998 114,254

6 430 9,858 3,176 149,752

7 422 8,627 2,807 110,560
Average 423 8,645 2,817 130,548




Table B-7: 28 Days' Compressive Strength Data for OPC.
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Sample Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)
1 431 8,970 2,856 285,259
2 439 9,240 2,942 224,654
3 433 9,170 2,920 354,754
4 429 9,330 2,969 203,145
5 440 8,600 2,730 642,655
6 437 12,080 3,846 816,781
7 437 11,890 3,786 383,183
Average 435 9,897 3,150 415,776
Table B-8: Seven Days' Compressive Strength Data for OPC.
Sample Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)
1 431 8,410 2,678 208,100
2 439 9,790 3,115 222,462
3 432 6,150 1,958 174,284
4 439 6,420 2,043 181,227
5 440 11,110 3,535 279,015
6 444 8,910 2,836 195,106
7 440 6,490 2,067 276,029
Average 438 8,183 2,605 219,460
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Table B-9: Three Days' Compressive Strength Data for OPC.

Sample | Weight(lb.) | Load(lb.) | Peak Stress(psi) | Modulus of Elasticity(psi)

1 444 7,900 2,514 330,336

2 442 5,800 1,872 460,130

3 441 9,180 2,923 392,188

4 439 6,080 1,936 308,378

5 442 3,320 1,056 108,653

6 443 2,540 810 491,406

7 441 3,720 1,185 168,102
Average 442 5,506 1,757 322,742
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