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Prof. Apurba Das
Department of Textile and Fibre Engineering
Indian Institute of Technology, Delhi

Lecture No- 40
Additional Lecture on Composites (contd...)

Hello everyone, so we will continue with the unidirectional composites. So this we have
discussed in last class that unidirectional composites were prepared from fibers as matrix through
DREF spinning technique, powder coating technique and film stacking technique.

(Refer Slide Time: 00:43)

Three point bend

*  ASTM standard D7264/D726AM-15.

*  Universal testing machine

*  Span o thickness ratio = 32:1

*  Thickness of composites is 3.2 £ 02
mim.

*  Crosshead velocity = 5 mm/minute.

Short beam test

ASTM standard D2344/D2344M-16,
Universal testing machine

Span to thickness ratio of 4:1.

Thick of comp b d6%0.2 Sample tested in short beam test
mm,

Cross head velocity =5 mm/minute.

®

NPTEL

)

And these are tested for their 3 point bending testing and short beam testing.
(Refer Slide Time: 00:51)



Flexural and Inter-laminar properties
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Now here if we see the 3 point bending test is mainly for the flexural strength and short beam
test is basically inter laminar property. So from this diagram if we see the UDC-P has got highest
flexural strength as well as the short beam test that highest flexural strength we get from the
powder coating, whereas the film stacking technique it results very poor flexural characteristics.
(Refer Slide Time: 01:52)

Flexural and interlaminar properties for unidirectional composites
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So we can see here that average flexural strength here it is 232, on the other hand for film
stacking it is very low.
(Refer Slide Time: 02:14)



Flexural properties

* The peak load for UDC-P was the highest among the three
composites, while that of UDC-F was the lowest.

+ The peak load of UDC-P was nearly three times higher than that of
UDC-F.

+ Also, the modulus for UDC-P was observed to be the highest among
the three composites.

* It was hypothesized that the better impregnation of the PP powder
in UDC-P was responsible for the higher flexural strength and
modulus of the composite.
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The peak load for UDC-P was the highest among the three as | have seen, | have discussed it is
nearly three times higher than the UDC-F. So it is nearly three times higher. Also the modulus,
the modulus of UDC-P is observed to be highest. It was hypothesized that the better
impregnation of PP powder in UDC-P was responsible for higher flexural strength because the
powder is already present inside the structure, so that is why it is very high. The peak load is
highest among the three composites, it is four times highest.

(Refer Slide Time: 03:23)

Inter-laminar Properties

* The peak load for UDC-P was the highest among the three
composites, while that of UDC-F was the lowest.

* From the typical plot, it can be seen that the peak load of UDC-
P is nearly 4 times higher than that of UDC-E.

* The short beam strength for UDC-P and UDC-D was observed
to be within 18 %. ==

* Thorough impregnation of resin within the structure led to
higher load resistance to interlaminar delamination therchy
reflecting higher short beam strength for the UDC-P
composites. = v ey s
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In short beam strength for UDC-P and UDC-D was observed to be within 18%, so that is within
18%. So, why is it so? The thorough impregnation of resin within the structure led to higher load

resistance and interlaminar delamination process that is, that interlaminar delamination is



restricted here. So, that is why it gives a higher short beam strength so due to the proper

impregnation.

Although the outer coating has got very good impregnation, still the DREF spun yarn also shows
the hybrid yarn shows the better performance as compared to the film stacking technique.
(Refer Slide Time: 04:38)

SEM Micrographs
uDc-D uoc-P

So here we can see here that, this is the DREF spun yarn here. In DREF spun yarn we can see
clearly clear the fiber zone and matrix zone it is separated. So this is the fiber zone cluster of
fiber and similarly in film stacking we can see the matrix and fibers are totally separated this is
fiber here it is a matrix but in case of powder coating the penetration of powder, penetration of
matrix is very good within the reinforcing material, these are uniformly distributed. That is why
it results very good flexural strength.

(Refer Slide Time: 05:34)



Microstructural (SEM) Analysis
+ This elucidates the fact that consolidation in UDC-P was better than
other two UDCs.

* In UDC-D and UDC-F, the load was not effectively transferred between
the matrix and the fiber and hence the load carrying capacity was quite
low.

* Powder coating process can thus overcome the challenges of using high

viscosity thermoplastics.

UDC-D upc-pP UDCF
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So scanning electron microscopy shows that the carbon fiber if and matrix they are very good

intermixing is there as | have already mentioned, same powder coating process can thus
overcome the challenge of using high viscosity thermoplastics. So that is why the problem of
thermoplastics are the problems main problem is that the due to the high viscosity its penetration
within the reinforcing material is poor it needs very high pressure and it also results a void
content but the powder coating is the solution in that direction.

(Refer Slide Time: 06:37)

Micro Computed Tomography
upc-D upc-P UDC-F

+ The micro-CT images of UDC-D, UDC-P, and UDC-F at the bending region is
seen in figure

+ The matrix was represented in green color while the fibers were represented
in black.

() + Inthe case of UDC-D, substantial fiber breakage in the top layer was observed.
v
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Micro computed tomography of the composite after the flexural testing was done here, in this
diagram the matrix was represented by green color, this green color is matrix and black color is

the carbon reinforcing material. In UDC-D which is made from a DREF yarn, hybrid yarn we



can see here this is the top side during the bending study 3 point bending this is the top side so in
3 point bending this is the composite base and here it is a bending.

So this is the top side is shown here and this is the bottom side. So in top side what we have
observed there is a significant fiber breakages are there in the compression side also.
(Refer Slide Time: 07:48)

Micro Computed Tomography
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* The top layers undergo compression while the bottom layers

undergo tension due to three-point bending
* In the case of@)C-D, }duc to improper load transfer, less
breakage was ob at the bottom layers.

* This indicates partial transfer of load between carbon tows and
PP matrix. s o
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And bottom layer undergoes the tension here, not that much breakage took place here that means
inter, there is no proper bonding is there due to relatively higher void content. So this at the top
side, at the compression side the breakage is due to the pressure that the damage of fiber, but at
the extension side there is not significant breakage was observed. On the other hand if we see the

powder coated composite the breakage was there, both in top and bottom side.

That means the load is being shared by the reinforcing material at the back side also. That is why
it gives very high flexural rigidity. If we see the film stacked composite absolutely there is no
breakage of carbon fiber the reinforcing fiber. What does it mean? There is a clear sliding
between the carbon filament and the matrix. So that is why the proper load bearing is not there.

So this has been explained here, | have already explained.

So this indicates partial transfer of load between carbon tow and PP matrix for UDC-D at the

other side, back side there is no transfer of load is there.



(Refer Slide Time: 09:49)
Micro Computed Tomography

upc-D upcP

uoc-P
I g
(] -
£
- ; |

+ In the micro-CT image of UDC-F, no fiber breakage was observed on
either top or bottom layers, i.e. neither on the compression or tensile

region.
* The UDC-F sample displays buckling under three-point bending,

* UDC-F fails at lower loads (nearly 1/3" compared to UDC-P) by
interlaminar_delamination as a result of poorly impregnated fiber

A, regions.
(%
(’) * Due to inadequate bonding between fibers and matrix, transfer of
T Joad was minimal and no rupture of fibers were noticed. G

And UDC-P that is a powder coating we have already explained that it is proper impregnation is
there. That is why proper load sharing is there. That is which result very high flexural strength
and here simply it is slide is there, that is why there is no load sharing or very less load sharing.
(Refer Slide Time: 10:17)

DREF Ill spun yarn Powder Coated Tow

Now you can see schematically here this is the fiber and powder coating is there. That is why
proper penetration of the powder, the proper penetration of matrix component is there inside the
carbon tow.

(Refer Slide Time: 10:38)



Analysis

* In the case of UDC-P, PP powder was spray coated on the
carbon tows.

* The powder was evenly spread as micron-sized particles
over the entire length of the carbon tow.

* PP powder does not form a sheath and this feature assists in
uniform spreading of PP matrix, upon consolidation under
heat and pressure.

* PP powders melt, and flows into the spaces effectively due to
capillary action, thereby reducing the voids and increasing
(; contact area between the resin and the fibers.
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This we have already discussed here.

(Refer Slide Time: 10:43)
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+ Hence, the lower strength of UDC-D is attributed to the lesser interface
between PP fiber and carbon tow.

+  However, in the case of UDC-F, the increased wetting of the carbon tow by PP
powder forms a stronger interface between the fiber and the matrix and
thereby provides a better load transfer.

+ For film stacked composites (UDC-F), the SEM images clearly indicate the
matrix rich and matrix starved regions due to the nature of stacking of each
(~ constituent layer-by layer.
b3

+ Higher viscosity of PP films as well as low Ml-l does not support impregnation
of PP into the various layers.

NPYEL

For film stacking composite the same image clearly indicates that matrix rich and matrix starved
portion that we have already seen, layer by layer. So, higher viscosity of polypropylene film as
well as low melt flow index does not support impregnation of polypropylene into the various
layers, so these are the different reasons.

(Refer Slide Time: 11:20)



4. Investigation of the mechanical performance of
carbon/polypropylene 2D and 3D woven composites

To prepare textile preforms through 2D anw for
thermoplastic composites using Powder co owpreg

and DREF spun hybrid yarn

molding process to produce 3D composite laminates
e ——

D
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To consolidate the produced fabrics in the compression [:,@9

And our last experiment is that the investigation of the mechanical performance of carbon
polypropylene 2 dimensional and 3 dimensional woven composites. So that from the DREF spun
yarn that is a hybrid yarn and from hybrid yarn towpreg and the powder coated towpreg we have
produced 2D woven fabric and 3D woven fabrics and from there we produce composites. To
prepare textile preforms through 2D and 3D weaving for thermoplastic composite using powder
coating and DREF spun hybrid yarn.

To consolidate the produced fabric in the compression molding process and to produce 3D
composite laminates. Now from 2D fabric we have to produce 3D composite laminates. Here
what we have done, we have used 3 layers of 2D fabric. This is 2D woven fabric, 3 layers to
keep the mass per unit area same as that of 3D weaving, 3D woven fabric and to investigate their
properties. Now let us see the plan of work.

(Refer Slide Time: 13:10)



Plan of Work

DREF spinning Powder coating
DREF spun hybrid yam Powder Coated Towpreg
Heat Setting of DREF spun hybrid yarn

(_l_\ Weaving
20Plainwoven 3D (Orthogonal and angle Interlock) 2 Plainwoven 3D (Orthogonal and angle Interlock)

Compression

Moulding

20) Plain woven composites 3D Woven Composites 2D Plain woven composites: - 31) Woven Composites
(3layers) (3 layers)

So we have used two techniques here. Two techniques are DREF spun hybrid yarn and powder
coated hybrid towpreg. So powder coated towpreg is there. Then heat setting of hybrid yarn is
required powder coating system involves the heat setting, so we do not need heat setting here.
Then we have weaving. So we have woven in 2D fabric and 3D we have used two different
structures orthogonal 3D and angle interlock 3D for both powder coated and DREF spinning

yarn.

And then we have used compression molding, for 2D plane woven composite we have used 3
layers as | have mentioned to maintain the mass per unit area and then 3D composite, 3D woven
composite using the compression molding, we have studied the mechanical characteristics and
also as well as matrix distribution. In mechanical tensile, bending, notch impact and mechanics
of crack propagation, this we have discussed and micro computed tomography.

(Refer Slide Time: 14:53)



Investigation

2DWC v/s 3DWOC, 3DWAC (orthogonal and angle interlock) - Effect
of weave

3DWOC (orthogonal) v/s 3DWAC (angle interlock) - Effect of weave

~2D DREF v/s 2D powder coated - Effect of hybrid yarn production
process. =

So what we have done? We have studied 2D versus 3D. So orthogonal, effect of weave we have
studied, then what we have studied? Effect of fabric structure that of 3D woven fabric that angle
interlock and orthogonal, effect of weave here, then effect of hybrid yarn production using
powder coating and DREF system and effect of hybrid yarn production of both for 2D and 3D.
These are the factors we have studied here.

(Refer Slide Time: 15:44)

Hybrid yarn production and heat
setting
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DREF Spinning
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So hybrid yarn production DREF spinning that we have already explained.

(Refer Slide Time: 15:49)

Heat Setting of DREF spun hybrid yarn

@ Thermally Treated DREF
/_M Hybrid yarn

mprov
Weavability

After DREF spinning we have what we have done we have here treated with heat treatment, two
heaters were there, so heater 1 and heater 2. So thermally treated DREF spun towpreg is
produced to improve the weavability, otherwise there will be fraying of the sheath fibers that is
why to improve the weavability we have used.

(Refer Slide Time: 16:22)



Heat Setting of DREF spun hybrid yarn

+ To improve the weavability, heat treatment of DREF spun yarns were
carried out.

+ PP fibers are wrapped around the carbon core in the DREF Il hybrid
yarn.

* During the process of weaving, the sheaths were found flaring off the
surface, mainly due to abrasion at the healds and reed

+ To prevent the sheath from dislodging off the carbon fiber surface
and to improve the weavability on the loom, the DREF [1I spun hybrid
yarns were heat set.

* Better adhesion between polypropylene fibres as well as improved
( adhesion to the carbon tow.
(%

wize * Thisresulted in better weaving performance.
h '61 s

So these are the various steps or reasons for heat setting. So for better weaving performance, we
have to set the heat setting.
(Refer Slide Time: 16:41)

SEM images

So before heat setting the SEM image and this is after heat setting, partial melting is there. We
do not need complete melting; complete melting will increase the flexural rigidity that will create
problem during weaving. So partial melting is required to have a better flexibility also.

(Refer Slide Time: 17:08)



Schematic of Electrostatic spray coating set up

Partially fused
towpreg

Hot air oven

Dlectrostatic spray
gun Free charged

e (g

powder | Towpreg take up
iN ||
h
/ I Q’
L v
Tow let: Fhodznd bed #

\ Huidiring as Tocyelone
i R ]
6 e F—Gom
3 d

NPTRL

And electrostatic spray coating that we have already explained so this is used for powder coating.
(Refer Slide Time: 17:18)

Weaving
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And then we have taken these yarns for weaving of 2D weaving and 3D weaving.
(Refer Slide Time: 17:27)



Three dimensional view of 2D and 3D structures

Figure. Three-dimensional view of (a) 2D weave pattern for 2DWF (b) 3D
angle interlock weave pattern for 3DWAF (c) 3D orthogonal weave pattern

_f 9 for OWOF
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The 2D weaving woven structure is here. So it is a plain woven fabric one up one down and this
structure is that the 3D angle interlock, where we have weft yarns. These are the weft yarns and
warp yarn, there we have two types of warp yarns, one is the stuffer warp yarns which are almost
straight in alignment and another is the binder warp end. This structure is a 3D interlock

structure and 3D orthogonal structure.

Here again the yellow color threads are the binder warp threads and this blue are the stuffer warp
threads, which are little bit straight.
(Refer Slide Time: 18:32)

Peg plan for Production of Plain Woven Fabric

Welt (filler)

Warp Ends

0

|2

These are the structure one by 1 up and 1 down, peg planning is there.



(Refer Slide Time: 18:42)
Peg plan for Production of 3D orthogonal Fabric
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And peg plan for the orthogonal structure, this is the peg plan, detailed peg plan is there. Here in
orthogonal structure you can see here the binder yarns binder warp yarns there it has got very
high crimp. So if we apply the stress in the warp direction the mainly the stuffer warp ends are
straight because as the, it is stuffer warp ends are stressed because of the fact that they are almost
straight.

(Refer Slide Time: 19:30)

Peg plan for Production of 3D Angle Interlock Fabric
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Similarly, the angle interlock these are the peg plan, this binder threads are little bit angled. So
here you can see the crimp is relatively lower here, crimp of the binder yarn.
(Refer Slide Time: 19:55)



Fabric Production

Warping
Warping was carried out using sample warping machine

Model SW550, CCI Tech Inc., Taiwan

Weaving

Weaving was carried out using sample weaving machine
Model 5L8900S, CCI Tech Inc., Taiwan

®
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So warping and weaving was done using CCI loom.
(Refer Slide Time: 20:03)

Production of fabric on loom

Figure (a) Loom for the production of 2D and 3D woven fabrics (b)
beam arrangement for stuffer and binder warp ends
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This is the production of fabric, here this is the beam for binder warp yarn beam for stuffer warp
yarn. There are two types of beams are used here and the loom is of repair type loom.

(Video Start Time: 20:26)

Now if we see here this is the weaving of the 3D fabric, this is a small loom, one is binder
another is the for stuffer warp, finally we get the 2D and 3D fabrics.

(Video End Time: 21:22)

(Refer Slide Time: 21:24)



Abbreviations used for 2D and 3D Woven Fabric and its

Composites
SN Pre-formed Composites on
Matrix Reinforcement Wovens Preforms
structure consolidation
2D woven
20We-D
(2DWE-D)
3D woven -
)

e Carbontow DREFSPUD ek (30WAR-D)

Now the abbreviations of the composites were, this is 2DWC-D means 2 dimensional made up 2
dimensional fabrics, woven fabric, composite made from DREF yarn and 2DWC-P from the
powder coating, similarly 3D is the angle interlock and orthogonal structure. In this way, we
have prepared a samples of 6 different samples were prepared.

(Refer Slide Time: 22:12)

Specifications of 2D and 3D woven fabrics

Ends/inch Picks/inch Fabric mass
Fabrics g
meter
Specification :
2DWE-D (3 layers)
3DWAF-D

ADWOF-D

2DWF-P (3 layers)

 IDWARP

@ SDWOF-P
NPTREL
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Now 2D fabrics are 3 layer, so ends per inch, picks per inch is given and here the mass per unit
area is almost very close to each other, so they are equivalent.
(Refer Slide Time: 22:32)



Fiber volume fraction for 2DWC, 3DWOC and 3DWAC (n=2)

2D and 3D Woven Composites Fiber volume fraction (%)

@

Fiber volume fractions are almost equal. So they are almost same, very close around 50 to 55 %.

w

.

So it is a fraction it is not;
(Refer Slide Time: 22:53)

Mechanical Characterization

12

Mechanical characteristics.
(Refer Slide Time: 22:57)



Tensile Tests

ASTM D3039

Universal  testing  machine
(Instron, Model 5982,
Massachusetts, USA)

Water jet cutter (Omax, Maxiem
1530, USA) with garnet
abrasive

* The strain was obtained
accurately  using  Advanced
Video Extensometer (AVE 2,
Model  26663-901,  Instron,
USA)

The samples were spray
painted with the white acrylic
paint and black spots were

Dorts et by Aorcet.
110w trwamew (441 )

Figure . Tensile test using Universal

7 marked on the samples as per Testing Machine
@ the template provided to
MPTHL measure the strain under the
iz  illumination of laser light =

We have done tensile characteristics here using universal tensile machine following the ASTM
standard test method.
(Refer Slide Time: 23:12)

Stress-strain plot for 20WC, 3DWAC and 30WOC

- =20WC-P == 30WAC-P -~ 3DWOCP
- 20.WC-D —30WAC-D —3DWOC-D
100
90 +
”n
80 + ! \

Stress (MPa)

0.03

Now, if we see here the tensile stress, it is highest in case of 2D woven composite made from the
powder coating and 3D from angle interlock, it is followed by angle interlock and then 3D
orthogonal is the least strength. So basic reason is that due to the very high crimp and these are
tested in the warp direction, very high crimp in the binder threads, they are not carrying the load
but in case of 2D all the warp threads were carrying loads simultaneously, here the loads are
carried only by the staffer threads which are relatively less crimped.

(Refer Slide Time: 24:31)



Tensile properties for 20WC, 3DWOC and 3DWAC (n = 5)

Sample Tensile Properties

AR RS Average Tensile  Average Tensile Modulus

Smengh (MPa) ()
i OWED 78674 (334) 12134 (12)

43014 (463) 5824 (1.09)
4051+ (426) 4124 (145)
8961 + (326) 1436+ (1.04)
5554 (426) 7714(1.88)
45344 (409) 5184 (L3)

0

l‘ml.
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We can see here the, both the modulus and the tensile strength are higher in case of 2D
composite, 2D woven composite, 3D composites are less.
(Refer Slide Time: 24:55)

Tensile strength and modulus for 2D and 3D woven
composites
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This picture shows that and but if we compare the DREF with the powder coating, always
powder coating is higher than DREF for same for all the structures. This is mainly due to proper
impregnation of powder or matrix within the reinforcing material, here it is a tensile modulus,
the same trend is observed here.

(Refer Slide Time: 25:30)



Tensile strength and modulus for 2D and 3D woven
composites

* The values of the average tensile strength as well as the modulus
obtained are represented along with error bar.

* The samples were loaded in the warp direction for all the six
variations of composites.

* Among the composites produced from powder coated towpregs, the
maximum stress was endured by 2DWC-P. The strength of 20WC-P
was found to be- 36 % and ~ 45 % higher than that of 3DWAC-P and
3DWOC-P respectively.
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So the values of the average tensile strength as well as the modulus obtained are represented
here. So this we have already seen here that 2D is higher, so the strength of the 2D composite
was found to be 36% and 45% higher than angle interlock and orthogonal respectively.

(Refer Slide Time: 26:06)

Tensile strength and modulus for 2D and 3D woven
composites

* Similar to the composites produced from powder coated
towpregs, the maximum stress for 2DWC-D was found to be- 42
% and ~ 44 % higher than that 3DWAC-D and 3DWOC-D
respectively.

+ As mentioned in the earlier section, three stacked layers of 2D
fabrics (2DWF) were used in the formation of 2D composites
(2DWC). Weco Wwce Wiwose
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Similarly the composite produced from powder coated towpregs, the maximum stress of this, so
for this is for a DREF spun and the powder coated the strengths are same.

(Refer Slide Time: 26:32)



Tensile strength and modulus for 2D and 3D woven
composites

* On loading of 2D composites, all the warp threads of the three
layers were aligned in the same direction of the load and hence
resisted a higher load.

* In the case of 3D composites, only the stuffer warps counter
the load as_the binder warp had undergone large

Breco Bowcs Qe
Wecs s [ owocs

As | have already explained, on loading the 2D composites all warp threads, they share the load.
But in case of 3D composites only the stuffer shares the load as the binder warp had undergone
large folding or crimping during weaving. This is the large folding is there, so they do not share
the load. That is why the 3D fabrics, so very low modulus and strength.

(Refer Slide Time: 27:17)

Tensile strength and modulus for 2D and 3D woven
composites

+ The yalugs of geissg of the binder warps of 3DWAE-P and 3DWOF-P
werp 7 %'aj 'pmwuly.
* Uponstrcichinisbeyend the maximum strain of carbon tow of ~1 %,

the stuffer warps breaks, thereby loading the binder warps.

* The binder warps that were initially folded/crimped, straightens upon
further loading to resist the load.

* Amongst the 3D composites, 3DWAC has an lower crimp In
comparison to that of 3DWOC,
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So value of crimp, so for angle interlock it is 7% and the binder thread and 30% for orthogonal
that we have seen. But upon stretching beyond maximum strain of 1 % carbon breaks. So that is
why the, in 3D composite the binder threads they do not take part in loading.

(Refer Slide Time: 28:00)



Tensile strength and modulus for 20 and 30 woven
composites

* The values of crimp of the binder warps of 3DWAF-P and 3DWOF-P
were 7 % and 30 % respectively. Upon stretching beyond the
maximum strain of carbon tow of ~1 %, the stuffer warps breaks,
thereby loading the binder warps.

* The binder warps that were initially folded/crimped, straightens upon
further loading to resist the load. Amongst the 3D composites, 3DWAC
has an lower crimp in comparison to that of 3DWOC.
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The values of crimp of binder warp threads as we have seen here 7 and 30 % respectively.
(Refer Slide Time: 28:19)

Tensile strength and modulus for 2D and 3D woven composites

* In addition to the fact that the average strength of the 3DWAC
was higher than 3DWOC, the difference was statistically
insignificant.

¢ Similar pattern was observed between 2D versus 3D
composites produced from DREF spun hybrid yarns.

* In addition to the crimp, the arrangement pattern of the

consecutive binder warps also contribute to the strength of the

composite.
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So in addition to the fact that average strength of 3D angle interlock composite was higher than
3D orthogonal, the difference was statistically insignificant. This are the, this difference was
statistically significant, although it is little bit higher. So the same pattern was observed for
DREF spun yarn hybrid yarn that composite made of DREF spun hybrid yarn. So this is the same
pattern was there given and this is these are for powder coating and these are for DREF.

(Refer Slide Time: 29:13)



Mechanics of crack propagation

(b1) warp breakage in 2DWC 2%
(b2) stuffer and  binder PN
breakage in 3DWAC (b3)
stuffer warp pull out and )
3DWOC;  float length and S
material separation line in (c1) A
MWE (c2) 3DWAF (c3)
3DWOF.

ﬂ It was noticed that the line of material separafion in 2DWC-P and

Wit 3DWACPwas notina straightline unlike 3DWOC-R.
Now, let us see the mechanics of crack propagation. So in the, if we see the crack propagation, so
after the tensile breakage, we have studied the crack propagation here in 2D crack propagation
was not in straight line. Similarly here the crack propagation was not straight but this one is the
orthogonal, b3 is the stuffer warp pull out. You can see there, it was noticed that the line of
material separation in 2D composite and 3D angle interlock were not straight line, unlike this is a

straight line.

This can be attributed to the fact that the, here this is the line of the optical image of fractured,
here it is a fractured sign. Now the here material separation line it is straight, here material
separation line is angled. So due to the structure of the base fabric the characteristics of crack is
there it shows the similar characteristics, okay?

(Refer Slide Time: 31:03)



Tensile strength and modulus for 2D and 3D woven composites

* In short, it can be observed that both crimp and pattern of
consecutive binder warps determines the strength as well as the
strain of the composite.

* The Young's modulus of 2DWC-P was found to be ~ 44% and- 61%
higher than that of 3DWAC-P and 3DWOC-P respectively for the
same rationale suggested above,

+ Similarly, the modulus for 2DWC-D was found to be ~ 49% and-
62% higher than that 3DWAC-D and 3DWOC-D respectively.
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So what we can observe the crimp and pattern of consecutive binder warp determines the
strength as well as the strain of the composite, okay? There is a binder.
(Refer Slide Time: 31:24)

Flexural Properties

« ASTM D7264/D7264M-15

* Universal testing machine
(Instron,  Model 5982,
Massachusetts, USA) was
used for conducting flexural
tests,

Specimens were cut
precisely along the warp
direction using a waterjet
cutting machine  (Omax,
\ v | A

And in the last part we will discuss the flexural properties of these composites made from 2D
and 3D fabrics.

(Refer Slide Time: 31:40)



Flexural properties for 2DWC, 3DWOC and 3DWAC (n = 5)

- -2DWC-p - = 3DWAC-P - - 3DWOC-P
-=2D.WC-D ——3DWAC-D ——3DWOC-D
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Deflection (me)

A

Now here in 2D we can see here again the bending rigidity of 2D is higher than the 3D fabrics.
But the powder coated fabrics were higher little bit than the DREF, the reason we have already
explained;

(Refer Slide Time: 32:17)

Hexural strength and modulus for 20 and 3D woven composites
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* The load-deflection curve under three-polnt bending for the 2D and 3D
composites s shown.

* The lincar portion was observed until a deflection of ~ 2 mm; thereafter
the deflection was noticed to Increase quite rapidly even with the
application of smaller values of load.

@ * A significant portion of the loading curve Is ductile which Is a typical
wrine.  behaviour of the thermoplastic matrix composites loaded In flex.
Sk
Flexural strength, it shows the similar trend to that of the tensile, the reason is almost same here.

(Refer Slide Time: 32:28)



Hexural strength and modulus for 20 and 3D woven composites
B Bowce Bowns
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* The average values of .
flexural  strength  and
modulus are shown.
* The flexural strength of
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* Similarty, Nexural strength of 20WCD was - 52 % and ~58% higher than
JDWAC-D and IDWOC-D respectively.
* Further, 20WC-D displayed higher fexural modulus than JDWACD and
JOWOC-D by approximately 56% and 72% respectively.
* In the case of composites produced from powder coated towpregs, the
modulus of 2DWC-P was- 30 % and 68 % higher than JDWAC-P and 30WOC-
TR P respectively.
ue

(Refer Slide Time: 32:39)

Flexural strength and modulus for 2D and 3D woven composites
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+ Overall, 2D composites showed better flexural strength and
modulus in comparison to the 3D composites.

+ This is attributed to the fact that higher number of load

hearing towpregs are in-line with_the direction of tensile/

(' flexural loading for 2D composites as compared to 3D

6 composites, and hence the former has higher flexural
weree - strength and modulus.
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So overall, the 2D composite shows better flexural strength and modulus as compared to 3D

fabrics. This is attributed to the fact that higher number of load bearing towpreg are in line with

the direction of tensile and flexural, flexural loading for 2D composite. So that is the basic reason

here for having higher flexural and tensile strength of 2D composite, although 2D composite

here we have used the 3 layers of fabrics to make it equivalent.

But coming to the impact, notch impact test where we have used 1zod notch impact testing, here

the impact method we have already explained earlier. Now if we study the tomography, micro

computed tomography;



(Refer Slide Time: 33:59)

Micro-CT images of post notch-test samples of 2D woven
composites from DREF spun hybrid yarn and powder coated
towpregs
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We can see here it is a 2DDREF and 2D powder coating and this one is with matrix and fiber,
this is with matrix and fiber, here only the fiber without matrix and sectioned slice showing fiber
breakage, here it shows the fiber breakage part.

(Refer Slide Time: 34:30)

Micro-CT images of post notch-test samples of 3D woven
Angle Interlock composites from DREF spun hybrid yarn
and powder coated towpregs

0

NPTE:
4 p (b1) with both matrix and fiber (b2) only fiber and without matrix and (b3)

Towpreg, this is for 3D woven angle interlock earlier it was 2D, now 3D orthogonal.
(Refer Slide Time: 34:46)



Notch Impact properties for 20WC, 3DWOC and 3DWAC (n = 5)

2D and 30 Woven Composites Notch Impact Energy [J)

0374 (0.12)
046+ (0.091)
0,62+ (0.085)
0401 (0.11)

Here we can see here, now 2D and 3D impact strength. Now we can see the impact strength of
3D orthogonal is much higher than the 2D, although tensile and flexural strength was high in
case of 2D woven composite but, in case of 3D orthogonal it is very high followed by the 3D
angle interlock. Similar trend is there for powder coated composites.

(Refer Slide Time: 35:23)

Notch Impact Energy for 20 and 3D woven composites
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Notch Impact Energy (1)

20WC and 3DWC

Now you can see here, so this is the powder coated 3D orthogonal composite, it is high.
(Refer Slide Time: 35:34)



Notch Impact Energy for 2D and 3D woven
composites
* Interestingly, as compared with the tensile and the flexural

properties, the average notch impact energy of 3DWOC was
higher than that of the 2DWC.

+ 3DWOC-P absorhed more cnergy than 2DWC-P by
approximately ~ 45 % while 3DWOC-D absorbed~ 47 %
more energy than 2DWC-D.

So 3D orthogonal composite absorbs more energy than 2D by approximately 45%, while 3D
orthogonal made from DREF yarn, it is again approximately 47%.
(Refer Slide Time: 35:58)

Notch Impact Energy for 2D and 3D woven
composites

* The micro CT images are shown in Figure.
* The images indicate the failure of the specimen as a result of
breakage of warp threads for 2DWC and the breakage of
ight stuf Isin t F3DWAC and 3DWOC

-

Shows that the image indicates the failure of the specimen as a result of breakage of warp threads
in 2D fabric composite and the breakage of straight stuffer warp threads in 3D angle and
orthogonal. Now here breakage is there only in the in 3D fabric, only in this stuffer warp threads.
But the load is carried can be carried by the binder also.

(Refer Slide Time: 36:48)



SEM Images

(a1) SEM image of the carbon tow (a2) SEM image of the carbon tow wrapped
mwmummm(a;)mﬁmomm»ww

This is same image we have seen.
(Refer Slide Time: 36:51)

Notch Impact Energy for 2D and 3D woven
composites

* The micro CT images are shown in Figure.
* The images indicate the failure of the specimen as a result of

breakage of warp threads for 2DWC and the breakage of
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So that is why the energy, notch impact energies much higher in case of 3D woven composite.
(Refer Slide Time: 37:08)




Composites from DREF yarns Vs Powder Coated towpregs

+ Composites 2DWC-P, and 3DWAC-P displayed- 11 % and 20 %
higher tensile strength as compared to 2DWC-D and 3DWAC-D
respectively as reported.

* The better tensile properties of 2DWC-P and 3DWAC-P are
attributed to better impregnation of the PP matrix with the
reinforcements as compared to the DREF counterparts.

And if we compare with the DREF spun yarn, composite made from DREF spun and powder
coated, so powder coated is little bit shows a little bit higher in tensile strength, typically 11 and
20% respectively as we have observed here and this is basically due to better impregnation as we
have already explained here better impregnation in case of powder coating.

(Refer Slide Time: 37:43)

Composites from DREF yarns Vs Powder Coated towpregs

+ The cross-sectional SEM images of carbon tow, DREF spun
hybrid yarn and powder coated towpreg are shown in Figure,

* The melt-flow-distance refers to the distance the matrix has to
travel to coalesce from one reinforcement to the neighboring
reinforcement.

* The melt-Aow-distances are quite critical and is dependent on
the manufacturing process.

@ + In the DREF spinning process, the carbon fibers in the core were
e wrapped with PP fibers forming a cylindrical sheath as shown

(NBE

So the melt flow distance refers to the distance that matrix has to travel within the reinforcing

material and melt flow distance is required is low in case of powder coated. So in DREF
spinning process the carbon fibers are present in the core, so melt flow distance is required is
very high.

(Refer Slide Time: 38:23)



Composites from DREF yarns Vs Powder Coated towpregs

* Hence, in the DREF spinning process, a significant compaction of carbon
tow occurred as a result of wrapping of PP fibers.

* On the other hand, the clectrostatic spray coating has not changed the
clliptical cross-section of the carbon tow as shown in Figure (a3).

+ (Given the circularity of the DREF spun hybrid yarn, the matrix has to flow
longer distances to coalesce with the hybrid yarn.,

d 3D

And that is why proper impregnation is not there. So on the other hand the electrostatics spray
coating; it has not changed the elliptical cross section of the carbon. So here it has become
circular and this is the carbon tow. If we see it is carbon tow without any matrix, but once we
produce the yarn, DREF yarn, it has become circular, so this flow distance needed is higher but
in case of powder coated tow it the shape remains almost same.

So flow distance required is much lower here. This has been explained here. So powder coated
towpreg based 2D and 3D composite including 2D woven composite and 3D angle interlock
composite is that shows that 11 and 21% higher flexural strength than corresponding DREF
based composite here.

(Refer Slide Time: 39:53)



Composites from DREF yarns Vs Powder Coated towpregs

* Despite, higher viscosity of the PP powder matrix than PP fiber,
better tensile properties and flexural properties were obtained in
composites made from PP powder-based composites as

So despite higher viscosity of PP powder matrix than PP fiber, PP fiber matrix has got very low
lower viscosity and PP powder we have seen that viscosity is very high, despite that fact better
impregnation of powder coated takes place and this proves that manufacturing process of powder
coating is highly advantageous.

(Refer Slide Time: 40:34)

Final Comment

Composites made from powder coated towpregs show
better matrix impregnation and less porosity
compared to composites made from DREF hybrid
yarns.

The use of powder coating technique helps in
overcoming the disadvantages of the type of weave

Now the final comment is that the composites made from powder coated towpregs, so better
matrix impregnation and less porosity compared to composite made from DREF hybrid yarns. So
hybrid yarn shows little bit higher porosity, void content was there. And the use of powder

coating technique helps in overcoming the disadvantage of hybrid type yarn and from our basic



study, we are very confident that the powder coating has got its bright future after eliminating

few short comings like speed of production.

That volume of production or some factors we need commercial grade machine also. So we are
very hopeful. Now | will finish the topic of composite here.
(Refer Slide Time: 41:56)
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And these are the references we have used from different sources. So there are many other areas
left but it is not possible to cover everything here. So we have here it has been tried to cover the,
to get the broad overview of the area of technical textiles. | hope you have enjoyed this course,

thank you.



