Elsevier Editorial System(tm) for Powder Technology
Manuscript Draft

Manuscript Number: POWTEC-D-14-01374R1

Title: CAPILLARY RHEOLOGY STUDIES OF INVAR 36 FEEDSTOCKS FOR POWDER INJECTION
MOULDING

Article Type: Research Paper

Keywords: powder injection moulding; rheology models; INVAR 36; poly (ethylene glycol); cellulose
acetate butyrate

Corresponding Author: Dr. Javier Hidalgo-Garcia, Ph.D.
Corresponding Author's Institution: Carlos III University
First Author: Javier Hidalgo-Garcia, Ph.D.

Order of Authors: Javier Hidalgo-Garcia, Ph.D.; Antonia Jiménez-Morales, Ph.D.; Thierry Barriere, Prof.;
Jean C Gelin, Prof.; José Manuel Torralba, Prof.

Abstract: Capillary rheology was used to determine shear viscosities of low expansion alloy INVAR 36
feedstocks for powder injection moulding (PIM) based on gas atomised powders and cellulose acetate
butyrate (CAB) and poly ethylene glycol (PEG) binders. Different variables that describe the flow
behaviour were analysed, in particular the relationships between viscosity of the melted feedstock with
different conditions, such as shear rate (y'), temperature (T), solid loading (®) and particle size (PS).
The viscous behaviour was physically interpreted and discussed and a generalised rheological model
that involves all of the dependant parameters: y', T, ® and PS was proposed. The particular rheological
behaviour of the feedstocks, which deviates from typical pseudoplastic behaviour, has a relevant
correlation with the proposed model. Moreover, the model would be used when similar behaviours
were observed in other systems.



*Cover Letter

Carlos Il University of Madrid

Javier Hidalgo, PhD
Carlos Il University of Madrid
Avda. Universidad 30, 28911, Leganés (SPAIN)

10 of December, 2014

Dear Editor-in-chief of Journal of Powder Technology:

I have sent original revised manuscript and figures by attached files of the manuscript “Capillary
Rheology Studies of Invar 36 Feedstocks for Powder Injection Moulding” to Powder Technology. The
authors confirm that the submitted manuscript is original and unpublished, is being submitted only to this
editor and is not being considered for publication elsewhere. The authors confirm that all authors have
participated in, read, and agree with the content and conclusions of the manuscript. The authors confirm
that there is no conflict of interest regarding the financial supporter.

The present work has been carried out in the frame of an enterprises collaborative project granted by the
Spanish Ministry of the Economy and Competitiveness and The European Funds for Regional
Development (ECOPIM Ref. IPT-2011-0931-020000). The goal of the project is developing new
potential binders for powder injection moulding PIM. In that respect, the micro metal injection moulding
route of low coefficient of thermal expansion invar alloys was proposed and investigated for producing
high property pieces. There are scarce works regarding powder injection moulding of invar alloys and to
the best of the authors’ knowledge there is none that uses these alloys combined with CAB based binders.
Furthermore there are no works dealing with rheology studies of such combinations and rather few of
CAB based feedstocks. We consider that the present is a very complete rheology study regarding these
feedstocks. Almost all the aspects involving rheology were investigated, i.e the dependence of viscosity
with temperature, shear rate, solid loading and particle size of the powders. The whole work aims to
propose a single mathematical expression that takes into account all the viscosity dependant variables.
We consider we are presenting a complete and relevant work that apart from the novelty of rheology
studies of Invar 36 feedstocks could serve as a guideline for carry out PIM rheology of many other
materials. We expect you consider all these works interesting to be published in your journal.

Some of the authors are research staff of the Carlos Il University of Madrid (Spain) at the Materials
Science and Engineering department and inside the powder technology group. The investigation group
has expertise in very different types of powders including metal and ceramics. In the recent years, the
main achievements focused on binder systems developing. The binder system used for Invar 36 powder is
relatively novel and has demonstrate to be very suitable for micro PIM. The main author Dr. Javier
Hidalgo-Garcia has recently presented his thesis work in this topic under the supervision of the co-
authoring Dr. Antonia Jimenez-Morales and Professor José Manuel Torralba as well as Prof. Thierry
Barriere and Prof. Jean Calude Gelin. Prof. Thierry Barriere and Prof. Jean Calude Gelin belong to the
Framche-Compté University (France) and to the Applied Mechanics and Microtechniques department of
FEMTO-ST Institute of Besancon (France). They focused in process simulation combined with
experimental work. All co-authors have extensive experience in powder technology and particularly in
powder injection moulding field with more than 15 years of experience, with several PhD thesis work
supervised and hundreds of publications and participation in international congresses.

I hope the reviewed manuscript is considered interesting in order to be published in this journal
Yours faithfully

Javier Hidalgo



*Response to Reviewers

Reviewer #1:

1. English needs to be improved. The reviewed manuscript have been checked by Elsevier
language polishing system.

The manuscript was sent to Elsevier language polishing system and a copy of the invoice was enclosed
in the reviewed version

2. In this paper, two different particle sizes were employed to evaluate the particle size
influence. However, two types of powder size is not enough to evaluate the effects of particle size.
At least three different particle sizes are demanded.

Regarding this comment, we agree with the reviewer that more particle sizes are needed. However, the
supplier only offered us these two particles sizes for gas atomized Invar 36 powders. Moreover, as it is
a not a material they commonly have in stock, we would to order a taylor-made powder and the
delivery time could be out of a reasonable time. We have already tried with a D90 of around 50
microns water atomized powder from another supplier. The irregular shape introduced another shape
factor to the equation. Moreover, with such a big powder we had lot of problems with flow
instabilities during measurements in capillary rheometer. Therefore, these measurements were
discarded for the present study. We expect these issues were considered. The fact that more particle
sizes are needed is remarked in the text.

3. Page 5, line 4, authors mentioned the powder size as the d90 , The characteristic powder size
is generally considered as d50. It should be changed.

This was changed, although d50 also appeared in the table describing particle size parameters

4. Authors divided viscosity curve into three stages. In Figure 3, there is no peculiarity to make
a division for each stage. The viscosity curve seems a smooth curve. To satisfy the author's
assumption as shown in Figure 3, related to microstructure, an additional evidence is required.

The assumption made to develop Figure 3 were based on literature review description of possible
events occurring during the viscosity vs. shear rate curves and they were tried to be extrapolated to
our material behaviour. The viscosity curve did not completely describe a pseudoplastic behaviour
classically explained by a Cross model. There are some evidences on a the occurrence of a threshold
value, but they also cannot be confirmed due to limitation of the capillary rheometer in the low shear
rate range. Evidences on the assumptions would be difficult to obtain by other methods. The thin
threads of feedstock coming out of the capillary were deformed due to gravity effect and stripped in
the capillary exit. Therefore, although SEM inspection were tried, no concluding observations were
made.

5. P. 7, line 4, authors mentioned that '‘the viscosity is dominated by hydrodynamic

interaction......... ", The interaction among the powders is important for high powder volume
fraction. More explanations about reason why particle-particle interaction can be neglected are
demanded.

We are completely agree with this comment. Particle-particle interaction were not neglected, but
obviously there was no mention of it in the text, sorry. It is true that for such high loading there is a



lot of particle-particle interactions but also the hydrodynamic effect of melt binder over particle
motion. This paragraph was revised trying to clarify possible misunderstood with the term
hydrodynamic and to include the particle-particle interactions.

6. P.7, A possible explanation regarding the correlation between shear rate effects and thermal
analysis has nothing to do with shear rate effects. Thermal effects are not relevant to the main
topic in this section regarding shear rate effect. Keep only the essential that are relevant in this
section.

Thank you for this appreciation, this discussion was added demanded by a previous revision to discard
the possibility of any other thermal effect like measuring viscosity close to the melting point of CAB.
We decided to keep it like this if doubts still arises for any other reader.

7. Comment, if comparison analysis between models of hypothetical possible and experimental
result which is an experimental result, for instance SEM image, is added to verify the author's
model, paper will be more improved.

For us it would be of a great joy to come to this kind of verifications, but as was discussed in the point
4, by the way we did not manage to make a clear observation of the processes described
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*Abstract

Abstract

Capillary rheology was used to determine shear viscosities of low expansion aloy INVAR 36
feedstocks for powder injection moulding (PIM) based on gas atomised powders and cellulose
acetate butyrate (CAB) and poly ethylene glycol (PEG) binders. Different variables that
describe the flow behaviour were analysed, in particular the relationships between viscosity of
the melted feedstock with different conditions, such as shear rate (y), temperature (T), solid
loading (®) and particle size (PS). The viscous behaviour was physically interpreted and
discussed and a generdised rheological model that involves al of the dependant parameters: v,
T, ® and PS was proposed. The particular rheological behaviour of the feedstocks, which
deviates from typica pseudoplastic behaviour, has a relevant correlation with the proposed
model. Moreover, the model would be used when similar behaviours were observed in other

systems.
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Hihglights
e We studied the rheology of feedstocks based on Invar 36 and CAB and PEG binders
e We measured the viscosity at different conditions by capillary rheometer
e The behavior of the feedstocks was discussed and adjusted to viscosity models

o We propose a model that describes the viscous behavior of the studied feedstocks
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Abstract

Capillary rheology was used to determine the shémosities of low expansion alloy INVAR 36
feedstocks for powder injection moulding (PIM) bédiem gas atomized powders and cellulose acetate
butyrate (CAB) and poly-ethylene glycol (PEG) birgleDifferent variables that describe the flow
behaviour were analysed, in particular, the retediips between viscosity of the melted feedstock
with different conditions, such as shear ratg temperature (T), solid loading) and patrticle size
(PS). The viscous behaviour was physically intégareand discussed, and a generalized rheological
model was proposed that involves all of the depenhgarametersy, T, ® and PS. The particular
rheological behaviour of the feedstocks, which dws from typical pseudoplastic behaviour, has a
relevant correlation with the proposed model. Meegp the model can be used when similar
behaviours are observed in other systems.

Keywords. powder injection mouldingrheology models, INVAR 36, poly-(ethylene glycol),
cellulose acetate butyrate.

1. Introduction

Powder injection moulding (PIM) is a manufacturipgocess that is suitable for the large-scale
production of net shape complex geometries andcestigize pieces of a large variety of materials
processed as fine powders. In many cases, PIM nantiaé only viable method for the production of a

particular part or product.


http://ees.elsevier.com/powtec/viewRCResults.aspx?pdf=1&docID=12869&rev=1&fileID=665698&msid={FD8102DD-7810-46DA-8C6F-F5C811A5EF5A}

The PIM process involves the use of a mixture dfmer type components with metallic or ceramic
powders that are injected into a mould cavity atgeratures above the softening point of the polymer
part. It has been extensively demonstrated thatktivledge of the rheology of feedstocks at
different conditions is a key issue to allow foetproper optimization of process settings, to obtai

good quality parts and thus to optimize productosts [1-5].

The viscous behaviour of a fluid depends on mudti@riables. Feedstocks in their fluid melted state
are complex compared with single phase fluids. fEkestocks are composed of a multiple component
binder, which remains in a melted state during $emk fabrication and the injection moulding stage,
and a high charge of fine particulate solid powdEausnerova [6] compiled a thorough review about
feedstock rheology and indicated that the integpi@d of rheological experimental data for PIM

feedstocks is not always a simple task.

In this work, capillary rheology is used to detemmihe shear viscosity of Invar 36 alloy feedstocks
based on atomized powders and cellulose acetatgabeitf(CAB) and poly-ethylene glycol (PEG)
binders. Invar 36 is a low expansion alloy withighhdimensional stability at temperatures below 230
°C. The rheology of these feedstocks has scarcebn investigated. Conventionally, different
analytical models are used to describe the melestistock’s flow behaviour and viscosity
dependence on different processing conditions, saghhe shear ratg)( temperature (T), solid
loading (@) and particle size (PS).These models commonlyeeiacosity with one or a maximum of
two of these variables. In this work, a global @ity model involving all of the dependent variahle
includingy, T, ® and PS, was proposed and discussed for desctibdngiscous behaviour of the
studied feedstocks. This global viscosity modehad for the evaluation of the viability of feedstec
for their use in the development of PIM componemtd the development of improved computational

algorithms.

2 Theoretical remarks
The viscosity of a feedstock depends on the viscadithe binder and how it is influenced by the

presence of powder particles and temperature. Symoe reviews with examples of viscosity models



and their applicability to PIM feedstocks can berfd in Lapointe [7] and Honek [8]. All of these

models relate one or two viscosity dependant viesain a single expression.

The model proposed by Cross [9] has been extegsiemonstrated to adequately describe the
influence of the shear rate on the viscosity ofralér in a wide range of shear rates. Eq. 1 ishase
the Cross model but considers the occurrence aéld ghear stress,j that must be overcome to
allow the binder to begin to flow. The existenceafjield shear stress is controversial but well

accepted in the PIM field.

. _ N -1 No
W =%V +i o0 (1)

The ng coefficient represents the asymptotic value of tiseosity for low shear rates in the Cross
model when the fluid behaviour is Newtonian, befthie shear thinning region takes over. In the
modified model, Eq. 1y, does not represent the shear viscosity at a z&ar shte due te,. The n

coefficient, sometimes referred as the flow indexselated with the shear thinning behaviour at the
pseudoplastic region of the curve. The k coefficdgpends on the material and is related to tharshe
rate region in which the flow changes from Newtonta pseudoplastic, i.e., when the shear thinning

begins. These parameters, hence, have an inflaentte viscosity curve shape.

At temperatures sufficiently far above the feedstsoftening point, the relationship between the

viscosity and the temperature commonly follows arh@nius-type relationship, as expressed in Eq. 2:
(T) =B-ex (E) 2
(M = P=7 ?)

where T is the absolute temperature, B refersrefexence viscosity value, R is the gas constadt an
E, represents the flow activation energy. The adtivaénergy is a measurement of the dependence of
the viscosity on temperature. This dependence poitant in PIM because high activation energies,
which imply a high dependence of the viscosity @mperature, can cause rapid changes in viscosity

during mould filling, which may lead to defectstire resulting parts.

A large number of works are found in the literattegarding the study of the relationship between

viscosity and the solid loading. All of the modetéate the relative viscosity), which is the value



of the feedstock viscosity divided by the bindescasity, to the solid loading contenb)( These
models fulfil the condition of an infinite valuerféhe relative viscosity when solid loading is la¢ t
critical value®,;. The Mills model [10] (Eq. 3) is one possible motteldescribe the relationships
between viscosity and solid loading. A and m areattisionless coefficients.

n(¢) :A,(m)m -

NBINDER Gcrit—¢

In addition, Contreras [11] demonstrated that theigle size and the particle size distribution are
influential factors on the rheology of PIM feed#tscSenapati [12] obtained a correlation coeffitien
10-G/dso, that relates the particle size characteristicéoviscosity of high filled ash slurries. The
coefficient of uniformity, G, is defined as the ratiagd;o. G, has been demonstrated to be a useful
parameter to relate the particle size distributioth the powder packing capacity and thus with the
properties of the final piece. The higher the valti€,, the larger the range of the particle sizes in the
sample and hence the larger the effect on the sitycof the feedstocks with high solid loading

concentrations.

Larsen et al. [13] proposed the so-called equivalEtosity model for PIM feedstocks that combined
temperature, solid loading, shear rate and parsicke distribution variables in one single exprassi
This model fitted well with the experimental resulconsidering the particular viscous behaviour of

the feedstocks studied.

Based on the equivalent viscosity model, but carsid the results with our Invar 36 feedstocks, the

following expression (Eq. 4) is proposed in thigkvo

TP =5 e0 () <7y * (<1+Tfyn>)> ' (¢i:i—t¢)m (4)

To develop Eq. 4, the Cross modified, Arrhenius aviills models, along with particle size
dependence, were first evaluated and demonstrateel suitable single variable models or relatians t
describe the viscous behaviour of the studied teekls. Next, the global viscosity model (Eq. 4) was

proposed and experimentally validated.



3. Experimental procedure

Figure 1 Particle size distribution curves for INV1 and INV2

Two different particle sizes of gas atomized INV/AR alloy powders were used in this study to
evaluate the particle size influence on viscoditye morphology of the powers is spherical, typafal
powders that are atomized in g@ihe INVAR 36 alloy consists of 36 wt% of Ni and Balanced with
other trace elements. The powders were suppliédamgvik Osprey Ltd. (UK). The coarsest powder,
with adsg of 7.7um, is referred to as INV1, and the finest, witbsgof 3.8um, is referred to as INV2.
The particle size distribution curves for INV1 a2 are plotted in Figure,Jand the main particle
size parameters are collected in TabléHe S, parameter, which represents the width of the gerti
size distribution [14], is similar in both powdetdence, the effect of the particle size distribution
width on the rheology of the feedstock was assutneabt affect the result8oth powders have a
spherical morphology, as seen in the scanningreleehicroscopy (SEM) images presented in Figure

2.

Table 1 Particle size distribution parameters.

Each powder was mixed with a binder system base@ @ombination of compounds of several
molecular weights, employing poly-(ethylene glyc@PEG) (supplied by Sigma-Aldrich) and two
types of cellulose acetate butyrates (CAB) (swobby Estman) with a variable content of acetyl,
butyryl and hydroxyl groups. This type of bindersaselected due to its ecological features because
PEG is able to be eliminated by water and CAB cofmes a cellulosic natural raw source. The
binder component content and component specifitsioe included in Table 2.

Figure 2 SEM images of the different powders: a) INV1 andNby2.

Several feedstocks with a variable content of stdatlings ranging from 57.5 to 67.5 vol.% were
prepared in a HaakeRheomex twin sigma rotor intemmger; the mixing parameters were constant
for all of the feedstocks. These samples allowedHe evaluation of solid loading influence on the
viscosity of the feedstocks. The feedstocks wepedhat a temperature of 150 °C and a rotor speed of

50 rpm for one hour to ensure the homogenizatiaal aff the components.



Table 2 Binder composition.

For capillary rheology measurements, a Rosand R6i2ifuble piston capillary rheometer with a
capillary of 1 mm in diameter and 30 mm in lendti ratio 30) was used. The pressure drop values
at the capillary entrance were acquired for difiérshear rates and temperature conditions by a
pressure transducer with a maximum pressure ratjstr of 70 MPa. Those values were then
converted into shear viscosity values. The appasiesar rate range studied covers shear rates fdiom 2
to 10000 3. Three temperatures were evaluated: 150 °C, 1608CL70 °C; in addition, for the INV2
67.5 vol.%, 180 °C was also evaluated. To enswedproducibility of the data acquisition, the $est

were replicated five times for each condition, ancaverage value is presented.

The non-linear regression of the experimental data performed by solving a minimization problem
of the RS$ parameter (Eq. 5) using algorithms based on tmergézed reduced gradient method
GRG [15], wherenmes is the measured viscosity, amgd is the estimated value of the viscosity,
according to variable values of the model pararsdiemg optimized.

_ 2
RSSP — {21 (Mmes—TNest) (5)

Nmes

4. Results and discussion

4.1 Viscosity dependence on the shear rate

Figure 3shows the flow behaviour of the binder at 160 °@ arINV2 feedstock at 160 °C and 60
vol.%. To some extent, this behaviour was reproduicethe other feedstocks at different solid

loadings and temperatures (see also Figure 7).

Figure 3 Binder and INV2 feedstock viscosity dependence wWithshear rate and models of hypothetical possihlations
at the different regions of the feedstock’s cuzach model visually attempts to show the feedstoéiatures at three
different curve stages. The curves correspond perexents performed at 160 °C and the solid loadfrép vol.%.

Focusing on the feedstocks, three stages are typadzserved in their viscosity vs. shear rate egtv

These curves may be explained as follows:

(i) At low shear rates, a pseudoplastic behaviswliserved both for the binder and the feedstack. |
seems that viscosity would be very high at valuesr® 8 according to the observed trend, which

suggests the possibility of the occurrence of adhold shear stress that must be surpassed for the

6



feedstock to begin to flow. Some authors relateotigervation of a yield stress with the occurravice
this particle network structure within the melt f8]. Hence, in this very low shear rate region, a
network structure was assumed (see schematic etiganin Figure 3(1)) with a rigid structure
formation due to the presence of a high numberagfigges and interactions between the binder and
the powder particles. These particles are likeljnbgeneously distributed within the binder matrix,
but the presence of certain heterogeneities ip#necle distribution or the formation of agglomies

cannot be dismissed.

(i) This theorized network structure, which isat@ely stable at very low shear rates, is desti@s
the shear rate increas@sus, the viscosity is dominated by hydrodynamiernactions between the
binder and the powder particles and, for high sllatling feedstock, by particle-particle interantio

as the bulk begins to flawrhis results in shear thinning as particles and polyonemtate and order
(Figure 3(I)) in the flow direction to allow intgrarticle motion, as discussed by Husband [17]nThe
the shear thinning rate of the feedstock reducebdrintermediate shear rate region (approximately
200-300 8). A possible explanation of this behaviour, spiciebserved at low temperatures, would
be that CAB is playing the role of a particle fillmstead of a binder because it is not melted or
softened. In previous works, a thermal analysisheke feedstocks was performed by differential
scanning calorimetry (DSC) [18]. Pure CAB551 andB381 exhibited a glass transition temperature
(softening temperature) at 125.5 °C and 147.7&€hactively. A melting point at higher temperatures
was not observed. However, this glass transitios mat observed in the experiments with the binder
and the feedstock, and most likely, these tempersitrere lowered due to the mixture with PEG and
powders. Therefore, the theory of CAB acting asdige filler is not conclusive. Another possible
explanation of this behaviour may be the segregaifothe binder phases. In this case, the effect of
high shear stresses separates the PEG from CABMibDisé viscous phase (in this case CAB) then
contains a higher portion of particles because theyld be more effectively retained when a high
shear is applied. These are the bases of slip thaody that, in the case of binders systems contgin
PEG, is well explained and argued by Chuankrerkk@]. Hence, low particle content PEG regions

will be formed (Figure 3(lll)). The flow is favoutdeat these low viscosity regions, but, in contrast,



reduced in the CAB high particle and high viscosggions, reducing the shear thinning effectiveness

with shear rate.

(iii) Until the end of this intermediate region,dould be said that the rheological behaviour ef th
feedstock is, to some extent, dominated by thedsif@haviour. Thereafter, other factors begin to
dominate. Instabilities in the viscosity measuretsadregin to be observed. A possible explanaticm of
more pseudoplastic-like behaviour at high sheasratould be the rupture of the slip bands that are
hypothetically formed. Some authors relate a shiédmning behaviour to the breakage of
agglomerates, as reported by Hausnerova [6]. Teaklage of agglomerates could also be a plausible
explanation of the shear thinning because the sigcoan be reduced by disruption of CAB highly

particles concentration regions (see Figure 3(IV)).

This behaviour was well described by a Cross medifmodel (Eq. 1). In Table, 3he fitting
coefficients of Eg. 1 are shown for different vau# viscosity variables: temperature, solid logdin
and particle size. Most of these coefficients dyeatried with the experimental set of conditions,
with no clear dependence on the variables thatmamified. Hence, this model is limited to describe
the viscous behaviour of the studied feedstocks randires specific measurements at each set of

conditions.

The feedstock in this work did not exhibit typical pseudoplastic behainotlve shear rate
range occurring during injection commonly desired in MIM. If sediega actually
occurred, then they could create flaws than might worsen itred part properties.
Nevertheless, the shear thinning behaviour and the low viscosfsured (below the
recommended maximum of 4Pa-seg at typical shear rates occurring during injection) will
allow for a proper mould cavity filling. Despite the fact thiatse feedstocks did not exhibit
typical pseudoplastic behaviour, they were tested to produce Invarc8® parts that, after
the entire MIM process, apparently did not exhibit flaws and exdilbitechanical properties
consistent with those expected for this material [20, 21]. Tdwexreit was concluded that

these feedstocks have a potential use for a variety ofetitfapplications.



Table 3 Resulting coefficients after a non-linear regr@ssxperimental data adjustment to a Cross modifiedel of
different measuring conditions.

4.2 Relative viscosity dependence on solid loading

The relative viscosity was taken at a constantrstaa. Several authors indicated that if the netat
viscosity is obtained at a constant shear rate;Nwmtonian suspensions of small particles (non-
fibrous) do not approach an asymptotic plateaugit Bhear rates, as in the case of relative vigscosi
defined at the same shear stress [22, 23]. Regardlethe fact that many theoretical equations have
been primarily set up for relative viscositiesta same shear rate, the shear stress should Imeaske
independent for non-Newtonian suspensions. Howewegrding to Hausnerova et al.[24], the values
of relative viscosity were obtained at a constaneas rate to avoid difficulties involved in

extrapolations in the complex patterns of the ftmwves.

Figure 4 shows the relative viscosity vs. solid loading expental data for INV1 and INV2
feedstocks and the adjustment curves to a Millseh(iq. 3). At low solid loading, there was almost
no variation of the relative viscosity, but froncertain solid loading, this tendency varied anchtthe
relative viscosity grew abruptly. The critical sblloading can be shorted out, considering the
asymptotic trend to infinite viscosity at solid thiags near this critical value. The different value
obtained for INV1 and INV2 are explained by itsfelient sizes and packing capacities. The critical
solid loading, as well as the exponent m, varighsl with the temperature and the shear rate emos
(see Table 4). From the results, it can be condblat there is a good fitting of the Mills modelthe

experimental data.

Table 4 Examples of Mills model coefficients resulting frahe fitting of experimental data curves at différeemperatures
and shear rates.

Figure 4 Relative viscosity vs. solid loading for INV1 atdv2 feedstocks at 160 °C and 100b Fhe straight and dashed

curves represent the adjustment of the experimeatalto the Mills model.

4.3 Temperature dependence

Figure 5 Example of the linearization viscosity dependemecgemperature for INV2 60 vol.%.

The activation energy can be easily deduced froenlittearization of (Eq. 2) by taking the natural

logarithm of both sides of the expression if thefiexperimental points follow this relationshigher



slope of the resulting straight line representin@y) versus the inverse of temperature corresponds to
E.. Figure 5shows an example dh () versus 1/T plot for INV2 60 vol.% and presents the
corresponding lines obtained by the linear regoessf the data points. Some representative valfies o

the assessed, Eor different conditions of the shear rate anddsllading are included in Table 5.

Table 5 Values of the activation energies for INV1 and &t several conditions.

The multiple correlation coefficients>’Rreveal a suitable adjustment of the experimendité to the
Arrhenius relation in most of the cases. The atitmaenergy varies depending on the shear rate, the
solid loading content and the particle size.

4.4 Particle size dependence

Studying the ratio of the INV2/INV1 viscositiesyelatively constant average factor of 1.69+0.3 was
obtained for 160°C to 170°C and 65 vol.% conditiavisich is very close to the 1.929 value obtained
for the ratio of the BYDio Dsy values of both powders. However, for 60 vol.% @&mdother solid
loadings under lower temperature conditions, tassiit is only valid for the high shear rates regam
can be observed in Figure 6. This result couldxpdained by considering that at low shear rates, as
discussed previously, the binder dominates thesteell viscous behaviour. This dominance is more
evident as the solid loading decreases, and thashinder content increases. However, this result i
also evidence that at high shear rates and higt kaldings, the powder particles exert the primary
influence on the viscous behaviour. In additiorthte results observed, more particle sizes should be
evaluated in the future to properly validate thedeloWater atomized powders with aodof
approximately 30 um (but with a d90 greater thaqub( were also mixed with the binder used in this
work, and the resulting rheology was investigatdtthough these large powders exceeded the
standards for MIM, with a recommended particle sizelarger than d90 < 20 um, they were still
investigated. The irregular shape that charactrizese water atomized powder particles introduced
another shape factor to the equation. Moreovegetapowder particles led to flow instabilities dwgi
measurements in capillary rheometer; as a resalteproducible and reliable data were obtained.

Therefore, these measurements were discardedeqrésent study.
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Figure 6 Comparison between INV2 and INV1 feedstock viséesitor 60 vol.% and 65 vol.% and different tempares.

The relationship between the INV2 and INV1 part&iee distributions is plotted as a straight line.

4.5 Generalised viscosity model

In the previous sections, the viscosity behaviduhe Invar36 feedstocks was evaluated and retated
different viscosity models in terms of the relaship of viscosity with one single variable at agim
However, the coefficients of the mentioned modelgethded on other viscosity variables apart from
the one being evaluated. This section will disehesconvenience of the use of a model that rekdtes
of the studied viscosity variables with the vistp#i a single equation (Eq. 4).

Considering the critical solid loading establishéa the Mills model (Eq. 3), despite the variatioi
this coefficient with temperature and shear ratealae of 71 vol.% and 68.5 vol.% can be considered
for INV1 and INV2 powders, respectively. Moreovéar INV1 and INV2, the E coefficient can be
considered relatively constant at the solid loademgge from 60 vol.% to 65 vol.% and for the shear
rate range above 500 1/s. In this interval, anagevalue of 42.3 kJ-mbK™ is estimated for both
INV1 and INV2. Therefore, the coefficientg no, n, k and m were defined as variable coefficients,
whereasb.;; and E were fixed at constant values during the modgh{jtto the experimental curves.
Some representative results of the model adjusttoethie experimental date are presented in Table 6
and Figure 7 for INV1 and INV2. As can be obsenvba, predicted curves exhibit good correlation
with the experimental points. Tableritludes the average values obtainednfpm and n for INV2

and different solid loadings at the three studedgeratures.

Figure 7 Some examples of the curves fitting to the glalistosity model (dashed lines). Different viscosifyyiables, such
as temperature, shear rate, solid loading andcpasize, were varied: a) INV1 60 vol.&, b) INV2 601.%, c) INV1 60
vol.% and d) INV2 65 vol.%.

Table 6 Resulting coefficients after curve fitting with tineodel described in Eq. 4 of the experimental poatt different
temperaturesb=65 vol.%,®.=68.6 vol.%, Ea=42.3 kJ/(mol-K).

The coefficients that were most compliant and $#@gb other coefficients variation weng and k.

The influence of different variables on Eq. 4 caééhts is described below:

« Coefficient k has the most erratic and inconsistegttaviour. This erratic behaviour may be
explained by the limited shear rate range at hegr sates, where the curve turns again into

being more pseudoplastic. The k coefficient deteemiwhere the curve changes its tendency
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from Newtonian to pseudoplastic. The limited numbérpoints at this region may cause
errors in determining this coefficient during moditing.

The predicted values of vary with the temperature and the powder contehtdmain quite
similarly independent of these variables and powtygre. The dependence of, on
temperature may be explained by a dominating inflteeof the binder on the feedstock
viscosity. In fact, the values obtained fgrare equivalent to those obtained for the binder in
the intermediate shear rate range; thus, this icosif may be related to the binder viscosity.
However, there is also a relationship of this dogfht with solid loading, as is reflected in
Table 7.

The coefficient m appears to be very stable witiard to temperature and particle size, but
varies with solid loading. This coefficient doest imfluence the shape of the curve, but does
influence the displacement along the viscosity.axis

The coefficient n is another coefficient that appet vary slightly with temperature and
particle size; however, this behaviour only occarsigh solid loadings. The n coefficient
determines the pseudo-plasticity, i.e., the shiei@mning, of the feedstocks; on average, the
pseudo-plasticity increases with solid loading.

Regardingz,, this coefficient remains constant under all ¢f ttonditions evaluated, with a
value of approximately 1060 Pa. This coefficientildobe considered as a reference threshold
value of the shear stress that must be exceedd#uk ifeedstock flow is to occur. This

coefficient influences the curve behaviour in the shear rate region.

Table 7 Average values af,, m and n at different solid loading values for INV

Although the proposed global viscosity model cauded in Invar 36 feedstocks to precisely describe

its viscous behaviour at certain conditions, sorhe¢he expression coefficients have shown to be

dependent on viscosity variables or influenced theocoefficients. There is no clear mathematical

relationship between these coefficients and theogisy variables or other coefficients. Neverthgles

the average values of the coefficients could becsedl, and this expression may be used in

computational algorithms to perform simulationghedf injection process of the studied feedstocks.

5. Conclusions

12



The viscous behaviour of gas atomized Invar 36ydéedstocks based on CAB and PEG binders
were thoroughly studied by varying several visgosdriables that influence the viscosity. Different
models were adjusted to the experimental data mddaiFinally, a global viscosity model that
combined these models was evaluated to describdagbeus behaviour of the Invar 36 feedstocks. It
could be concluded that the proposed model iskdeita describe the viscous behaviour of CAB and
PEG based feedstocks considering several varialbldge same time. This type of model might also
be suitable to predict the flow behaviour of ottieedstocks if the appropriate coefficients are
selected. These coefficients could be obtainedexjgerimental data curve fitting by a non-linear
regression. In the particular studied feedstocisesof these coefficients exhibited a dependence on
other equation variables. Nevertheless, an averalge of the coefficient may be selected.
ACKNOWLEDGMENTS

The authors wish to acknowledge GUZMAN GLOBAL S.and MIMTECH ALFA for their
collaboration in the ECOPIM project (ref. IPT-200231-20000) funded by the Spanish Ministry of
the Economy and Competitiveness. Furthermore, utfeoes acknowledge the strong support from the
ESTRUMAT projects (ref. S2009/MAT-1585) funded hetCAM-Consejeria Educacién Dir. Gral.
Universidades e Investigacion, and from the COMET@Bject (ref. MAT2009/14448-C02-02),

funded by the Spanish Ministry of the Economy anotn@etitiveness.
REFERENCES

[1] R. Zauner, C. Binet, D.F. Heaney, J. Piemmajaldlity of feedstock viscosity and its correlatio
with dimensional variability of green powder inject moulded components, Powder Metallurgy, 47
(2004) 151-156.

[2] C. Zhigiang, T. Barriere, L. Baosheng, J.C. iGelA vectorial algorithm with finite element
method for prediction of powder segregation in rhéaigection molding, International Journal for
Numerical Methods in Fluids, 70 (2012) 1290-1304.

[3] X. Kong, T. Barriere, J.C. Gelin, Determinatiofcritical and optimal powder loadings for 316L
fine stainless steel feedstocks for micro-powdgecition molding, Journal of Materials Processing
Technology, 212 (2012) 2173-2182.

[4] C. Zhigiang, C. Quinard, K. Xiangji, T. BarrerL. Baosheng, J.C. Gelin, Viscous Behaviours of
Feedstocks for Micro MIM, Advanced Materials Resba14-316 (2011) 713-718.

[5] Z.Q. Cheng, T. Barriere, B.S. Liu, J.C. Gelirhe Bi-phasic Numerical Simulation of Metal Co-
injection Molding, International Journal of Matdrizorming, 1 (2008) 695-698.

[6] B. Hausnerova, Rheological characterizatiorpafvder injection molding compounds, Polimery,
55 (2010) 3-11.

[7] F. Lapointe, S. Turenne, B. Julien, Low vistpsieedstocks for powder injection moulding,
Powder Metallurgy, 52 (2009) 338-344.

13



[8] T. Honek, B. Hausnerova, P. Saha, Relativeosigg models and their application to capillary
flow data of highly filled hard-metal carbide powdmmpounds, Polymer Composites, 26 (2005) 29-
36.

[9] M.M. Cross, Rheology of non-Newtonian fluid&\-new flow equation for pseudoplastic systems,
Journal of Colloid Science, 20 (1965) 417-&.

[10] P. Mills, Non-Newtonian behavior of flocculdtesuspensions, Journal De Physique Lettres, 46
(1985) L301-L309.

[11] J.M. Contreras, A. Jimenez-Morales, J.M. Thyaa Improvement of rheological properties of
Inconel 718 MIM feedstock using tailored particleesdistributions, Powder Metallurgy, 51 (2008)
103-106.

[12] P.K. Senapati, B.K. Mishra, A. Parida, Modgliof viscosity for power plant ash slurry at higher
concentrations: Effect of solids volume fractioartirle size and hydrodynamic interactions, Powder
Technology, 197 (2010) 1-8.

[13] G. Larsen, Z. Qiang Cheng, T. Barriere, B.81, LJ.C. Gelin, Simulation of micro injection
moulding with emphasis on the formulation of feedktviscosity: Use of non-equilibrium molecular
dynamics for the determination of viscosity of mlbdy fluid, 2011, pp. 714-719.

[14] D.F. Heaney, Powders for metal injection maudd Handbook of metal injection

molding, Woodhead Publishing Limited, Cambirdgel2Qop. 50-63.

[15] L.S. Lasdon, S.K. Mitter, A.D. Waren, Conjugajradient method for optimal control problems,
leee Transactions on Automatic Control, AC12 (19632-&.

[16] A.B. Metzner, Rheology of suspensions in payio liquids, Journal of Rheology, 29 (1985)
739-775.

[17] D.M. Husband, N. Aksel, W. Gleissle, The egiste of static yield stresses in suspensions
containing noncolloidal particles, Journal of Riugyl, 37 (1993) 215-235.

[18] J. Hidalgo, J.P. Fernandez-Blazquez, A. Jimévierales, T. Barriere, J.C. Gelin, J.M. Torralba,
Effect of the particle size and solids volume fiaeton the thermal degradation behaviour of Invér 3
feedstocks, Polymer Degradation and Stability, 8 8) 2546-2555.

[19] N. Chuankrerkkul, P.F. Messer, H.A. DaviespWland void formation in powder injection
moulding feedstocks made with PEG/PMMA binders Rart Experimental observations, Powder
Metallurgy, 51 (2008) 66-71.

[20] J. Hidalgo, A. Jiménez-Morales, T. Barriere;.JGelin, J.M. Torralba, Water soluble Invar 36
feedstock development faplM, Journal of Materials Processing Technology} 22014) 436-444.

[21] J. Hidalgo, A. Jiménez-Morales, J.C. GelidJTorralba, Mechanical and functional properties
of Invar alloy foru-MIM, Powder Metallurgy, 57 (2014) 127-136.

[22] M.R. Kamal, A. Mutel, Rhelogical properties sfispensions in Newtonian and non-Newtonian
fluids, Journal of Polymer Engineering, 5 (19853-382.

[23] T. Kataoka, T. Kitano, M. Sasahara, K. Nighii, Viscosity of particle filled polymer melts,
Rheologica Acta, 17 (1978) 149-155.

[24] B. Hausnerova, P. Saha, J. Kubat, CapillagwFbf Hard-Metal Carbide Powder Compounds,
International Polymer Processing, 14 (1999) 254-260

14



Figurel

Click here to download high resolution image

Cumulative Distribution | %]

-
o o O (- -
v 0w O <r ™ -

[26] uonnqinsiq [enuaRPIA

Paticle Size [um]


http://ees.elsevier.com/powtec/download.aspx?id=665647&guid=b14f02ac-40b6-4375-b183-340ec58a6b75&scheme=1

Figure2a
Click here to download high resolution image



http://ees.elsevier.com/powtec/download.aspx?id=665648&guid=df29cbdc-c660-4fd1-b177-9df0427dacb0&scheme=1

Figure2b
Click here to download high resolution image



http://ees.elsevier.com/powtec/download.aspx?id=665649&guid=929f7177-88cc-430a-81a1-8a4d14d49ff5&scheme=1

Figure3
Click here to download high resolution image

app

Viscosity (n_ ) [Pa-s]

10° - 10°
Shear rate (y) [s™']


http://ees.elsevier.com/powtec/download.aspx?id=665650&guid=f417ef2a-b002-4669-96f3-080293bfe612&scheme=1

Figure4
Click here to download high resolution image

200
~ o INV2
£ a [NV1 ='
= 150 -
5 :
Q ..
2 100 - :
- :
b O
-
s 50 -
D
oY,

0

3D 373 60 6235 65> 615 70 725
Solid loading (®) [vol.%]


http://ees.elsevier.com/powtec/download.aspx?id=665651&guid=5688cd68-b87b-4746-b85c-cb0031dea617&scheme=1

Figureb5
Click here to download high resolution image

3

® 60 vol.%

In (napp) |{n Pa-s]

Z.25 2.3 2.335 2.4
1/T [103-K-1]


http://ees.elsevier.com/powtec/download.aspx?id=665652&guid=17d09ebd-d065-42a5-bdbe-e99c93e11b4a&scheme=1

Figure6
Click here to download high resolution image

D.T
S A 60 160

A60170
065 160
65170

NNy 2 NNy |
S

2 ZINV2/ZINV1=]1.929

— % 8 8 6 o a2 @

Z = deo/(dso0-d10)

10’ 10° 10° 10
Shear rate (V) [s™]


http://ees.elsevier.com/powtec/download.aspx?id=665653&guid=090c668e-9674-4ad2-8929-e1cd427357ef&scheme=1

Figure7a

Click here to download high resolution image

a)103

Viscosity (napp) [Pas]

o Bxp. 160™C

o Exp.150°C
¢ Exp. 1710°C

INVl P 60 vol.%

102

L LR A | L

103
Shear rate (V) [s™!]

104



http://ees.elsevier.com/powtec/download.aspx?id=665654&guid=69b39b0a-359d-4f9b-9b2f-fe462b2dd9e0&scheme=1

Figure7b
Click here to download high resolution image

b) 103

N T Model s Exp.150°C
% o Exp.160°C o Exp.170°C

1023 oo ®o, e,

Viscosity (napp) [Pas]

—
o beo 0y
. P’ g+ 8
g . o._ 2
Qx> % o
- N s -~
- -~
- >0 : “a
o g
- - \\
= - O‘- “
.. Do, .
oy - -~
" o‘~~ “‘\
a0 ~
‘s‘

INV2 ® 60 vol.%

].0] s LABRL LB L B A ) | L LA N B R N | T T rrrrrg T T

10" 102 103 104
Shear rate () [s7]



http://ees.elsevier.com/powtec/download.aspx?id=665655&guid=5b16d9f3-e2ab-4884-8fb0-c2c50ba78d06&scheme=1

Figure7c
Click here to download high resolution image

C) 103

{ - Model = Exp.150°C
.. ° Exp.160°C ¢ Exp.170°C
7Y 1 v
& 1 o
IQ—-‘I o \Q)"o.:"l.‘
= \\%b% .
> >, PO T -ag.
S A2 Dy, O T
=10~ N IR oo, W,
-\-/' " o'o.o ‘Oo‘ ‘s‘
i -0 O
’é‘ - °~'°<>\o. \o\\ i
& | o,
Q i ~‘O~ X :\\
> .
10! INV1 ® 65 vol.%
) L] LN I B A | | | ] LR A | ] L] L B A | )

10!

102

103

104

Shear rate () [s7]



http://ees.elsevier.com/powtec/download.aspx?id=665656&guid=b2eeede9-c44c-479d-8a7a-19b72f2d53de&scheme=1

Figure7d
Click here to download high resolution image

d)

N, 020w Model = Exp.150°C
1034 “em._ ° Exp.160°C  © Exp.170°C
2 IS ™
f— X % Bg.
A N
e i Vo, R, -"*-.
| S— Al 0\ mOo ‘
7N oY ~%‘ "
- i T w. e
Q. " %0~ 9%0so N,
C3 %-v .‘OD-, .‘s
5 Qboo-% ﬂo\o ‘.\
2 107+ 00 e
R7 X oL Ne N,
8 i YT W
R i £ :\
5
INV2 ® 65 vol.%
101 | | § "l"l | | ] 'l"" | | J ""'l |  J

102

103

104

Shear rate (y) [s™!]



http://ees.elsevier.com/powtec/download.aspx?id=665657&guid=aa10299e-2842-4173-ba0a-62275218f7d7&scheme=1

Tablel

Table 1 Particle size distribution parameters

le d50 d60 d90 d60 /(dlo'dSO) SW

INV1 5.05 7.69 833 1144 0.214 7.21

INV2 2.60 3.81 4.09 5.29 0.413 8.30




Table2

Table 1 Binder composition

Component  Acetyl* Butyryl* Hydroxyl* %uvol

CAB381-0.1 13 37 15 30
CAB551-0.01 2 53 15 10
PEG 20k - - - 58
PEG 4k - - - 2

* Percentage of side groups in chain



Table3

Table 1 Resulting coefficients after non-linear regression experimental data adjustment to a Cross modified model of

different measuring conditions.

T . 1 Ty Kiy 1-n__RSSp | 19 Ty Kij 1-n__RSSp
; 5 INV1 60 vol.% 5 INV?2 60 vol.% 5
©150 @ 92 1324 2.12:10* 0.64 191 : 182 7065 6.09-10% 0.53 3.97
1160 | 60 1173 12110 0.60 145 @129 7393 6.33.10* 044 024
1170 ¢ 46 980 1.49:10* 053 292 | 342 6483 6.22.10% 0.27 0.68 |
: : INV1 65 vol.% : INV2 65 vol.% :
1150 | 176 4020 2.28:10* 0.86 4.15 | 879 7958 257.10° 0.69 1.79 |
1160 | 131 4036 2.1910* 0.71 4.78 ' 252 7996 4.65.10* 0.69 2.12
1170 1 87 4033 1.46:10% 067 4.03 ' 146 7183 2.00.10* 0.76 1.27 |

T 2>[°C];mo 2> [Pas] sz, 2> [Pa]l ; kna2>[s];a=>[0;n>[]



Table4d

Table 1 Examples of Mills model coefficients resulting from the fitting of experimental data curves at different
temperatures and shear rates

1000 s™ 10000's™
160°C : A m ®; R RSS,: A m @, R RSS,
INVL | 213 059 712 099 689 ;637 484 706 100 121
INV2 | 007 0019 687 099 990 :604 514 681 100 091
170°C : A m ®; R RSS,: A m @, R RSS,
INV1 @ 079 028 699 099 233 078 031 695 100 0.77
INV2 {0015 0004 688 099 1486522 328 684 100 210




Table5

Table 1 Values of activation energies for INV1 and INV2 at several conditions.

INV2

INV1

o2 57.5vol.% i 60 vol.% 62.5 vol.% i 65 vol % 67.5v0l.% |
I = 2 E 2 E 2 E 2+ E 2 |
VST negymop R i omo] R ikamo] R kamop R amo] RO
1100 | 490 100 | 294 098 | 393 097 | 945 097 | 485 0.99 !
11000 | 606 1.00 | 487 100 | 481 100 | 737 098 | 518 1.00 |
110000 ! 529 099 ! 380 100 | 346 096 | 349 099 | 912 1.00 |
£ 100 © 500 100 : 475 099 @ 416 0.99 | 7831 1.00
11000 | 525 1.00 | 521 099 : 519 100 | 526 0.98 !
! 10000 | | 406 099 | 357 100 | 326 1.00 | 4126  1.00 |




Table6

Table 1 Resulting coefficients after curve fitting with the model described in Eqg.1 of the experimental points at
different temperatures. ®=65 vol.%, @;=68.6 vol.%, Ea=42.3 kJ/(mol-K).

Cydsp T[K] mo[PQ] n m  Kk[s] t,[Pa] RSSp R’

INV2 041 423 10549 0.59 0.98 4.37-10° 1060.0 0.22 1.00
INV1 021 423 4555 0.77 097 3.22.10* 1059.8 0.02 1.00
INV2 041 433 3135 0.56 0.98 9.7810* 10595 0.18 1.00
INV1 021 433 3268 0.56 097 4.9510* 1059.4 0.06 1.00
INV2 041 443 2071 0.59 0.95 4.2810* 1060.0 0.06 1.00
INV1 021 443 21.76 050 0.97 3.96:10* 1059.9 0.05 1.00




Table7

Table 1 Average values of n,, m and n at different solid loading values for INV2

@ [vol.%] n.[Pa] m n

57.5 63.8 0.60 0.27
60 210 130 031
62.5 260 110 0.34

65 52.3  0.97 0.58
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