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Abstract: The CRTM (compression resin transfer molding) also known as injection-compression molding
(I-CM), is a variant of RTM (resin transfer molding). In this process, the upper part of the mold is rigid
and moveable in order to increase the fiber volume fraction and to improve the surface quality of the part.
Moreover, it minimizes the entrapment of air pockets, by applying a compression force that squeezes and
displaces all air and volatiles bubbles out through the vent gate. Also, the CRTM reduces the injection
pressure, fill time and gives answer to limitation of in-plane impregnation velocity as compared to RTM.
Although its advantages, the CRTM needs a high force to displace the moveable upper mold and to better
compress the preform, this leads to increase the cost equipment and to deform mold walls which influences
the part quality. The main objective of this paper is to propose and discuss a new design of the CRTM mold,
allowing at the same time to facilitate the manufacturing process, in particular to reduce the cycle time,
the cost investment and to respect the material’s health by obtaining a part with minimum defects. This
innovation is achieved by using the TRIZ (theory of inventive problem solving) separation principles in
order to eliminate the physical contradictions that exist between the different parameters governing the

CRTM process.

Key words: RTM, CRTM, TRIZ, Physical contradictions, Separation principles..

1. INTRODUCTION

Composite materials have gained attention
and won competitiveness against others
traditional metals. Recently, they have been
widely applied in many fields ranging from
the heavy industries, like as aeronautic,
automotive and marine to the common
consumer product such as sporting goods.
This new high status is given to the composite
materials by the virtue of their superior
mechanical performance, lightweight and
good resistance to corrosion and fatigue [1].
There are five major families for
manufacturing  composite ~ components:
autoclave, hand lay-up, filament winding,
pultrusion, and liquid composite molding
(LCM) [2]. Due to its capacity to significantly
reduce the release of volatile organic
compounds (VOCs) to the atmosphere, the
LCM manufacturing processes have gained

attractiveness and popularity compared with
current methods of open molding processes.
They have also been created to overcome the
intrinsic weaknesses of autoclave draping
processes such as: their high tooling cost and
their long cycle time. The term LCM refers to
composite manufacturing processes in which
a fibrous preform material is placed into a
mold cavity and a thermosetting resin with a
relatively low viscosity is impregnated the
preform until all empty spaces between the
fibers are filled, and finally cured to create a
polymeric composite structure [3]. The LCM
family encompasses a growing list of mold
filling process variants distinguishable from
each other by the nature of the mold used and
the manner of the filling phase. The LCM
mold is divided in two parts, the lower part of
the mold is always rigid but the upper part is
possibly be rigid, like in RTM, CRTM and
flexible injection, semi flexible (RTM-light)
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or flexible such as in VARTM, VARI and
LRI, while the resin can be introduced using a
combination of a positive injection pressure
(use of an injection machine), vacuum
infusion (use of a vacuum pump), and
possibly assisted by the compaction force.

The Resin transfer molding (RTM) is one
of the most recognized LCM processes, it was
adopted for composite manufacturing in the
mid-1980s. RTM manufacturing includes
several steps. It begins by placing a dry
fibrous reinforcement inside a rigid mold,
closing the mold, injecting a liquid resin,
curing the resin and finally demolding the
part. Due to its several advantages [4], RTM
has received the most industrial attention [5,
6]. The most important objective of this
process is to reduce the time it takes to fill the
mold with resin. This will increase the
production rate and reduce manufacturing
costs and also ensure that the fabric preform is
completely saturated before the resin starts to
gel [7]. These objectives are well achieved in
the manufacturing of complex small to mid-
size products. However, The conventional
RTM processes usually have limitations in
fabrication large parts due to the cost
investments, pressure equipment, and the
process time, that dramatically increasing
proportional to the surface area of composite
structures [8]. Furthermore, a problem arises
with RTM for composite parts with a high
fiber content. Indeed, the permeability of the
fibrous reinforcement drops drastically with
an increase of the fiber content. Consequently,
mold filling is completed after a much longer
period of time, resulting not only in a low
overall throughput of the process, but
sometimes in a non-uniform impregnation of
the reinforcement. Over the years, several
modifications of the resin transfer molding
(RTM) process have been proposed to
enhance the fiber volume fraction and reduce
the mold filling time or molding pressure. One
of the effective methods is to incorporate the
method of compression into the RTM.

The CRTM, compression resin transfer
molding, also known as injection-
compression molding (I/CM) [7, 8], is the first
variant of compression techniques. In this
process, the upper part of the mold is rigid and

moveable in order to increase the fiber volume
fraction and to improve the surface quality of
the part. Moreover, it minimizes the
entrapment of air pockets, by applying a
compression force that squeezes and displaces
all air and volatiles bubbles out through the
vent gate. Also, the CRTM reduces the
injection pressure, fill time and gives an
answer to limitation of in-plane impregnation
velocity as compared to RTM. The steps for
fabricating the composite part by CRTM are
described in details in [9]. Although its
advantages, the CRTM needs a high force to
displace the moveable upper mold and to
better compress the preform, this lead to
increase cost equipment and to deform mold
walls which influence the part quality.

These limitations can be minimized by
using an upper mold made of several pieces
that can be articulated separately. This variant
called ACRTM (Articulated compression
resin transfer molding) [10]. Despite these
advantages [11], this process requires a
perfect manufacturing of these pieces, which
increases significantly the cost equipment.
Another disadvantage, as these pieces are
articulated separately, the resin can enter and
gel between them, also the air can get into the
mold cavity, which leads to dramatically
reduce the part performances. Ruiz proposed
another process in 2003, called flexible
injection [12], this process is composed of two
rigid halves mold separated by a flexible
membrane. The first chamber contains the
fiber preform impregnated by a resin and the
second chamber is filled with a compaction
fluid in order to apply a uniform pressure on
the first chamber, which leads to compact the
preform and to increase the resin
impregnation velocity [13]. Chang propose
another variant of VARTM called vacuum-
assisted compression resin transfer molding
[14], it has been developed to reduce the mold
filling time, injection pressure and cleaning
mold time compared with resin transfer
molding. The vacuum-assisted compression
resin transfer molding utilizes an extra elastic
film placed between the upper mold and the
mold cavity compared with resin transfer
molding. Through the stretchable film, the
state of the fabric stack is under control.



During resin injection, a loose fiber stack is
present and then resin is easily introduced into
the cavity. Once enough amount of resin is
injected, a compression pressure is applied on
the film that compacts the preform and drives
the resin through the preform. Some
shortcomings are inevitable including the
edge effect and excess of injected resin. More
resin leads to a longer injection and
compression phases and more wastes. The
progressive compression method (PCM) [15],
can be seen as the combination of the flexible
injection, the articulated compression resin
transfer molding and the vacuum assisted
compression resin transfer molding. In PCM,
the flexible membrane is divided into several
segment, each one is controlled individually.
This process was essentially proposed to
reduce the filling time and to improve the
material waste [16]. All these processes were
tried to make the trade-offs between the
ability to fabricate large composite parts, cost
investment of the heavy press and the pressure
equipment, raw materials waste, deformation
of the mold walls, the perfect manufacturing
of the rigid articulated segment and the
accuracy and the control complexity of the
segmented membrane in addition to the excess
of injected resin and the edge effect and other
phenomena that appear due to these
imperfections. The main objective of this
paper is to propose and discuss a new design
of CRTM mold based on the application of the
TRIZ theory, which contains many powerful
tools used to solve such contradictions in an

innovative way without making the
compromises.
2. TRIZ theory
TRIZ ‘Teoriya Reshniya Izobretatelskikh

Zadatch’ is the Russian acronym for the Theory
of Inventive Problem Solving, it was created and
developed by the Russian engineer G.S.
Altshuller and his colleagues in 1946 in the
former USSR. TRIZ is a human-oriented
knowledge—based systematic methodology of
inventive problem solving [17]. It is based on the
analysis of millions of patents [18], and states
that:
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* Problems and solutions were repeated in
industry and science.

e Patterns of technical evolution were
repeated in industry and science.

* Innovations used scientific effects outside
the areas in which they were developed.

TRIZ was initially the goal, to facilitate and
improve the resolution of the technological
problems [19, 20]. Over the past years, TRIZ has
used in different sectors, including electrical
Engineering [21], chemical engineering [22],
automotive sector [23], mechanical field [24],
environmental area [25], and business and
organization management field [26]. Due to
these large scope of applications, nowadays
TRIZ has become as one of the most powerful,
popular innovative method. Figure 1 illustrates
TRIZ theory methodology.

r Phase 3

Phase| Technical and physical Contradictions
2 | contradictions gl i
matrix
76 standards

General solutions

Reformulation of No -
the problem —@f@

Yes

| Tnnovative solution )

Fig. 1. Components of TRIZ theory methodology.

Elimination of
contradictions

|— Cause-effect [Su-fields -|
I

Restructuring of
the problem

STC operators
Specific problem

This method is based on three main phases
[27-30]:

Phase 1: Description and understanding of
the specific problem
This phase is essential to better understand
and formulate correctly the problem, it’s
applicable in four steps:

* The description of the project.

* The analysis of the system.

* The identification of the problems.

* Ideal final result formulation.

During this phase, it’s recommended to use
some rules and apply the TRIZ tools such as,
smart little people method, size-time-cost
operators and the nine windows tool that
allow us to avoid psychological inertia.
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Phase 2: Formulation and modeling of the
problem
It is used to find the contradictions between
the parameters of the system by using the
following tools.

* Cause-effect analysis.

* Technical and physical

contradictions.

e Substances-Field Models (Su-Field
analysis).

* Laws of engineering systems
evolutions.

Phase 3: Generation of solutions
It allows to solve the previous contradictions
and to generate models of solutions by using
the following tools:

* 40 Inventive principles and

Contradictions matrix.
* Separation principles.
* 76 standards.

3. DESCRIPTION AND
UNDERSTANDING OF THE SPECIFIC
PROBLEM.

3.1 External functional analysis
This tool is used to understand why the system
exist and to illustrate the relationship between
the system and its external environment, in
addition to identify the principal functions (PF)
and the constraints functions (CF) related to the
system [31]. The external functional analysis is
applied according to the following four steps:
1. Identification of the elements of the
external environment
2. Identification of the principal and the
constraints functions (Octopus Diagram)
3. Characterization of the principal and the
constraints functions.
4. Definition of the mission profile of the
system.
Figure 2 shows external functional analysis of
CRTM mold.

Raw materials
(Fiber layers —

Resin) CF6

Fig. 2. External functional analysis of CRTM mold.

PF: Transform the raw materials into the desired
final part.

CF1: Inject and quickly fill the mold without
any resin leakage.
CF2: Compact
reinforcement.
CF3: Be profitable.
CF4: Resist to the aggressive environment
(noise, dust, humidity and other industrial

uniformly the fibrous

environments).

CF5: Do not pollute the environment
(mechanical noise, Chemical emissions
(styrene)).

CF6: Do not require a huge investment.

CF7: Give a good surface finish and close
dimensional tolerances.

CF8: Satisfy the industry sector requirements.
CF9: Do not require a heavy equipment.

3.2 Structural decomposition

This tool is used to identify all system and
subsystems components and their functions.
Figure 3 presents the structural decomposition

of CRTM mold

T
Mold compression
and closing unit

[ Shape unit l [ Control unit ]

Injection unit

Fig. 3. Structural decomposition of CRTM mold.

Compression and closing mold unit: It is used
in order to apply a pressure or force usually on
the upper rigid half mold, which leads in the first
stage, to close the mold and prevent any air-resin
leakage. In the second stage, this unit compacts
the fibrous reinforcement layers for increasing
its volume fraction.

Shape unit: Includes two rigid sides of the
mold, carved inside them the part shape, it may
also contain the inlet and the outlet gates.
Control unit: Includes all tools used to measure
and control CRTM process variables, as well as



to give all required information about the system
evolution.

Injection unit: Permits to store and to transfer
the resin and additives from their separate tanks
to the mold cavity.

3.3 Ideal Final Result formulation

In the present situation, the ideal CRTM mold,
will be a mold capable to produce large complex
part that have high mechanical performance
suitable for aeronautic applications.
Furthermore, this process should reduce
injection pressure and process time without the
need to use a huge and heavy compression press.
Satisfying the latter requirements allow to this
new design of CRTM mold to be also used
widely and efficiently to fabricate automotive
components.

4. CAUSE-EFFECT ANALYSIS

The cause-effect diagram is a TRIZ tool, used
to identify the useful and harmful resources of
the CRTM manufacturing process and its
environment, as well as to find the
contradictions and conflict links between all
parameters mentioned above. Figure 4 illustrates
the process of generating creative solutions by
using cause-effect analysis.

In this article, we are focusing on the
application of the cause-effect analysis
methodology by using separation principles
(path b). The cause effect diagram of CRTM
process is presented in figure 5.

(a)

Translation of resources
into TRIZ parameters contradictions

Translation the TRIZ
ideas into real solutions

Fig. 4. Cause-effect analysis process (a) by using
contradictions matrix (b) by using separation principles

4.1 Extraction of physical contradictions

A physical contradiction (PC) is a situation in
which a component or an element in an
engineering system present two contradictory
values simultaneously [32, 33]. In physical
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contradictions, the conflict of demands is
intensified to the maximum. Therefore, at first
glance the physical contradiction appears
inadmissible, absurd by definition [34]. In our
problem, the physical contradictions are
presented as follows:

PC1: The high compression force should exist
to improve the fiber volume fraction, and short
impregnation time, and should not exist to avoid
mold walls deformation.

PC2: The high compression force should exist
to improve the fiber volume fraction, and short
impregnation time, and should not exist because
it impedes the industry requirements.

PC3: The high compression force should exist
to improve the fiber volume fraction, and short
impregnation time, and should not exist to avoid
high cost investment.

PC4: The high fiber volume fraction should
exist to provide high mechanical performance;
and should not exist because it impedes resin
impregnation velocity.

PCS: The fabrication of large part should exist
to satisfy the industry requirements, and should
not exist because it impedes the short
impregnation time.

PC6: The use of high injection pressure should
exist to improve short impregnation time, and
should not exist to avoid high cost investment.
PC?7: The fabrication of large part should exist
to satisfy the industry requirements (part
dimension), and should not exist because it
impedes the high compression force.

Useful i |
parameter | | [

Fig. 5. Cause-effect analysis of CRTM process.
4.2 Separation principles
The physical contradiction could be removed by
applying four “principles of separation” which
are; separation in space, in time, separation
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within a whole and its parts as well as separation
upon conditions [35, 36].

1. Separation in time: It is used when a
system requires one situation value at
one time and the opposite situation value
at another time.

2. Separation in space: It exhibits when a
system demands one solution value in
one place and the opposite solution value
in another place.

3. Separation on condition: It manifest
when the two contradictory values are
independent of time and place but they
change according to the operating
conditions. Therefore, under some
conditions the system requires one value
and under other conditions the system
requires the opposite value.

4. Separation of contradictory properties
between the whole and its parts: the
whole system has a property value, while
its components have the opposite
property value.

These principles can be used independently or in
combination. To solve a problem containing a
physical contradiction, one should follow a
simple routine [37]. The figure 6 presents a
systematic methodology to determine the right
separation principles to solve a given physical
contradiction.

Determine a component of the system that is invelved
with both desirable and undesirable actions

l

Formulate a pair of mutually exclusive demands to the

physical state of this component
In two dufferent time, do we want a solution at one Yes Separation
in time
Separation
in space
Yes
Separation
on condition

time and the opposite solution at another time?

B

{ Is there somewhere i place where the benefit or

‘harmful effect 1s not required?

[~

Is the benefit or harmful effect 1s independent of
time and place, but it changes according to the op-
erating conditions?

No

Use the separation properties between
the whole and its components

Fig. 6. Systematic methodology for selecting the
separation principles

5. CONCEPTS GENERATION

The physical contradiction 1 (PC1) is solved by
using the separation in space.
The use of the inventive principle: 1
“Segmentation” with the recommendations:
1. Divide an object into independent parts,
and
2. Increase the degree of segmentation or
fragmentation

Allow to generate two main concepts as depicted
in the figures 7 and 8.

In the CRTM process, the mold cover is always
made of a single rigid part. Thereby, the CRTM
needs a high force to displace the moveable
upper mold and to better compress the preform,
this lead to increase cost equipment and to
deform mold walls which influence the part
quality. However, these limitations can be
minimized by using an upper mold made of
several pieces that can be articulated separately.
This variant called ACRTM (“articulated
compression resin transfer molding™) [10].

Fig. 7. The CRTM mold.

Fig. 8. The ACRTM mold.

The use of the inventive principle: 2 “Taking out
or extraction” with the recommendation
“Extract the only necessary part or property of
an object”, allows us to think to keep only the
compression function and change the rigid half
mold by the vacuum bag. The compression
function is carried out by using a stationary
powerful magnet like as neodymium iron boron
magnets to guarantee the compression function
without the need of heavy press. This process
was proposed by Amirkhosravi in 2018, it is



called magnet assisted composite manufacturing
(MACM) [38] (see fig 9).

Magnets Magnetic steel plate

Resin inlet Resin outlet

Fiber layers

Vacuum bag Magnetic bottom tool plate

Fig. 9. The MACM mold components.

The physical contradiction 2 (PC2) is solved by
the following inventive principles:

The use of the inventive principle: 15
“Dynamics” with recommendation “divide an
object into parts capable to move relative to each
other” permits to generate the process proposed
by Chang, called “PCM: Progressive
compression method” [15], as illustrated in the
figure 10. This process belongs to the vacuum
infusion processes (VIPs), as well as it’s an
evolution of the flexible injection process [12].
The PCM reduces the filling time compared to
the vacuum infusion processes.

Atmosphere

Vacuum

[ = Vent gate

Flexible membrane

Fig. 10. The PCM mold [26]

The wuse of the inventive principle: 24
“Intermediary” with the recommendation ‘“‘use
an intermediary carrier article or intermediary
process” leads to find the process proposed by
Ruiz, called flexible injection [12, 13] as
illustrated in the figure 11.

Mold cover

Compaction fluid outlet

Compaction fluid inlet

Resin outlet Fabric breform  Mold base Flexible membrane  Resin inlet

Fig. 11. Flexible injection mold components
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The wuse of the inventive principle: 29
“Pneumatics and hydraulics” with the
recommendation “Use gas and liquid parts of an
object instead of solid parts (inflatable, filled
with liquids, air cushions) allows to generate the
concepts depicted in figures 12 and 13.

FFC chamber
\ Vacuum inlet

Vacuum bag

Vacuum outlet

1 1
] [

Sealant tape

Resin inlet Mold base Spiral infusion foam

Resin outlet

Fig. 12. The flow flooding chamber mold components
[39].

Upper mold Vacuum Spacer with tiny holes Hot fluid

Resin inlet

Mold base Film Fiber

Vacuum- Resin outlet

Fig. 13. The Schematic diagram for non-isothermal
VACRTM [14]

The use of the inventive principle: 28
“Mechanics substitution” with recommendation
“Use electric, magnetic and electromagnetic
fields to interact with the object” allows us to
propose a new variant of VARTM process called
relaxation-compression resin transfer molding
under magnetic field [40] as illustrated in the
figure 14. In this process, we only use a single
rigid side mold like as in the VARTM processes,
that contains the fiber preform, and it covers by
a flexible magnetic membrane, or by using a
vacuum bag including a ferromagnetic sheet,
gathered together by an effective glue. The
magnetic field is controlled by the current
intensity or by the separated gap between the
coil and ferromagnetic membrane, so as to apply
a magnetic force on the membrane and as a
result, move it up to relax the preform or down
in order to compress the fiber reinforcement.
Which leads to speed up the impregnation
velocity and increase the fiber volume fraction.
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Displacement system Ferromagnetic sheet Cail Gantry system

l

Sealant tape

L
Flexible! | \
membrane

Resin vent Fabric preform Resin inlet Mold base Resin vent

Fig. 14. Relaxation-compression resin transfer molding
under magnetic field mold component.

The combination of the inventive principles 28
and 29 allow to propose a new variant of CRTM
process. This new process is called magnetic
compression resin transfer molding (MCRTM),
it could be seen as the combination of the magnet
assisted composite manufacturing and the
flexible injection. Figure 15 illustrates the
different components of MCRTM mold.

Steel plate Ferro-fluid

Permanent magnet  Upper mold

Vacuum bag Fiber perform Mold base

Fig.15. Magnetic compression resin transfer molding
(MCRTM) mold component.

6. CONCLUSION AND OUTLOOK

In this paper two design of CRTM
(compression resin transfer molding) mold were
proposed based on the application of TRIZ
separation principles, that are used to eliminate
the physical contradictions existed between the
current CRTM mold variants. The relaxation-
compression resin transfer molding under
magnetic field and the magnetic compression
resin transfer molding have a great potential to
replace the current CRTM processes. To study
and evaluate the efficiency of these new
processes, we are currently working on the

mathematical modeling and  numerical
simulation.
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Un nou concept al matritelor CRTM utilizand principiile de separare TRIZ

Rezumat: CRTM (formarea prin transfer de rasind sub compresie) cunoscutd si sub numele de
formare prin injectie-compresie (I-CM), este o variantd a RTM (formarea prin transfer de rasina). in
acest proces, partea superioard a matritei este rigida si mobila pentru a creste fractiunea volumului
fibrei si pentru a Tmbundtiti calitatea suprafetei piesei. Mai mult, reduce la minimum retentia
buzunarelor de aer, prin aplicarea unei forte de compresie care dreneaza si deplaseaza toate bulele de
aer si volatile prin poarta de aerisire. De asemenea, CRTM reduce presiunea de injectie, timpul de
umplere si oferd raspuns la limitarea vitezei de impregnare 1n plan comparativ cu RTM. In ciuda
avantajelor sale, CRTM are nevoie de o fortd mare pentru a deplasa matrita superioard mobila si
pentru a comprima mai bine preforma, acest lucru duce la cresterea costurilor echipamentului si la
deformarea peretilor matritei care influenteaza calitatea piesei. Obiectivul principal al acestei lucrari
este de a propune si discuta un nou concept al matritei CRTM, permitind n acelasi timp facilitarea
procesului de fabricatie, In special reducerea timpului ciclului, a costurilor de investitie si respectarea
sdnatatii materialului prin obtinerea unei piese cu defecte minime. Aceastd inovatie se realizeaza prin
utilizarea principiilor de separare TRIZ (teoria rezolvarii inventive a problemelor) pentru a elimina
contradictiile fizice care exista intre diferitii parametri care guverneaza procesul CRTM.
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