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ABSTRACT

Possibilities for making particulate metal matrix 
composite weld deposits on austenitic stainless steels has 
been studied. The particulate metal matrix composites were 
produced with ceramic or refractory metal powder filled cored 
wire, which was gas tungsten arc and gas metal arc welded. 
Different powder materials were used to produce particles in 
the weld deposit. The density of the powder material was 
varied between 4900 and 19300 kg/m3. The effect of the powder 
particle size distribution on the dispersion of particulates 
in the weld deposit was also studied. The powder material was 
used both coated and uncoated. Coating for powder 
particulates was produced with the sol-gel process. A 
metallographic investigation was performed on the 
microstructures of the composite weld deposits. The motion of 
the particulates in the weld pool was evaluated using a fluid 
mechanics model. With particulate of optimum size and 
density, it is possible to produce particulate metal matrix 
weld deposits having uniform spatial particle distribution 
with powder filled cored wire arc welding.
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1 INTRODUCTION

1.1 Background

This investigation was performed to study the 
possibilities of making particulate metal matrix composite 
weld deposits with austenitic stainless steel base metal. The 
weld metal would have a high volume fraction of insoluble 
ceramic or refractory metal particles uniformly distributed 
in it. The particles would be added into the weld pool 
through the arc by way of the core of a tubular welding 
filler wire. Both gas metal arc and gas tungsten arc welding 
procedures have been used to study the effect of the welding 
process on the particle transfer and recovery.

One application for this kind of weld deposit would be 
in welded assemblies for high temperature service, such as 
boilers, heat exchangers and power plants. Stainless steel 
weld metals tend to fail in high service temperatures with 
creep fracture [1]. Hard, insoluble second phase particulates 
of specific size distribution and with uniform spatial 
distribution in the weld metal act as obstacles against 
dislocation movement in the microstructure and increase the 
creep life [2, 3]. The strengthening of the microstructure 
with hard particulates follows the rule of mixtures.
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According to the rule of mixture the mechanical properties of 
the composites are enhanced with increasing the fraction of 
the reinforcing phase having higher strength values than the 
matrix [4].

The effects of density and size of the particulates are 
to be determined in this investigation using different type 
of powder materials. Processing parameters for acceptable 
solidification of the weld deposits with second phase 
particulates are to be investigated.
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2 LITERATURE REVIEW

2.1 Definition of Metal Matrix Composites

Composites are defined as man made materials which 
consist of at least two chemically distinct materials with an 
interface separating the constituents [4]. There are four 
basic types of composite materials: dispersion strengthened, 
particle reinforced, layer composite materials and fiber or 
whisker reinforced composites [4][5].

Dispersion strengthened composites are characterized by 
a solid solution matrix with fine, uniformly dispersed 
particles in it. The diameter of the particles typically 
ranges from 0.01 /̂m to 0.1 jum and the volume per cent of 
particles ranges from 1 to 15 vol-pct [4].

Particle reinforced composites consist of dispersed 
particles greater than 1.0 jjm diameter with volume per cent 
ranging from 5 to 40 vol-pct [4].

In layered or laminated composites, the second 
components and phases are two dimensional. They can be 
continuously or discontinuously arranged [5].

Fiber and whisker reinforced composites have the 
reinforcing phase in size ranging from 0.1 to 250 pim in 
length, to continuous fibers. The volume per cent of the
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whiskers and fibers vary from a few percentages to over 70 
vol-pct [4].

Metal matrix composites (MMC) usually consist of two 
components, a metal or an alloy forming the matrix and the 
second component as a reinforcement phase. The second phase 
is generally an intermetallic compound, an oxide, a carbide, 
or a nitride. Metal matrix composites offer the capability of 
designing specific properties through the selection of type, 
size and morphology of the constituents [4].

The high strength, high elastic modulus, high toughness 
and impact properties of metal matrix composites make them 
suitable for structural applications [5]. They also exhibit 
good thermal shock resistance, high surface durability and 
low sensitivity to surface flaws. Metal matrix composites can 
also have high electrical and thermal conductivity [4].

2.2 Matrix Materials and Reinforcements

Numerous metals have been used as the matrix material, 
for example aluminum, copper, iron, manganese, titanium, 
stainless steels and super alloys. In general, pure metals 
are not used and the matrix metal is often a commercial alloy 
[4].

The reinforcements can be divided into two major groups,
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discontinuous and continuous. Discontinuous reinforcements 
are whiskers and particulates such as Sic, Al203 and TiB2.

Continuous reinforcements are fibers, most often non-metals. 
However, continuous metal filaments, such as tungsten and 
stainless steel reinforcements have also been used [5].

2.3 Properties of Metal Matrix Composites

The primary reason for using metal matrix composites for 
different applications is their high specific mechanical 
properties and their mechanical behavior in severe 
environments, such as in high temperature. Metal matrix 
composites are considered to be engineered materials in 
which, by selecting a specific amount of second phase in a 
given matrix, can have properties that are difficult to 
produce by traditional metallic materials.

The mechanism for stiffening of fiber composites during 
the elastic part of the stress-strain curve is that the 
applied stress is shared by both the matrix and fiber with 
stress in each phase proportional to its stiffness. The 
stress in the matrix is transferred to the fiber across the 
matrix-fiber interfaces. The simplest model to predict the 
stiffness of a composite is a law of mixtures, expressed in 
equation 2.1 in isostrain conditions and in equation 2.2 in
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isostress conditions [5].

Ec Vm.Em t VfEf (2.1)

_1_ =  Y sl +  Yf 
Ec Em Ef (2.2)

where E is the Young's modulus and V is the volume fraction. 
The subscripts c, m and p denote composite, matrix and 
particle, respectively [5].

The yield and flow stresses can be expressed also by the 
law of mixtures for continuous fiber composites:

where a is the flow or yield stress [5].

The yield and flow stresses of composites with 
discontinuous reinforcement have been found to increase with 
increasing volume fraction of the reinforcement and 
increasing the aspect ratio of the reinforcing phase, 1/d, 
where 1 is length and d is diameter of the reinforcing 
particles [4].

°o V mPm VfOf (2.3)
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2.4 Metal matrix particulate composites

Metal matrix particulate composites have received much 
attention because of the enhanced mechanical properties 
resulting from relatively inexpensive manufacturing 
techniques. In general these composites have hard, insoluble 
ceramic particles uniformly dispersed in the metal matrix.
The reinforcing phase is usually metal oxide or carbide. The 
mechanical behavior of particulate metal matrix composites is 
similar to that dispersion strengthened and precipitation 
strengthened alloys [4].

The powder, that is used to produce particles in the 
metal matrix, can be coated to promote wetting of the 
particles by liquid metal or it can be used uncoated.

Practical applications for particulate metal matrix 
composites are in parts which require increased high 
temperature mechanical properties (high creep resistance), 
increased strength-to-density ratio, or increased stiffness- 
to-density ratio. Examples are found in applications such as 
automotive motor parts, parts in aerospace equipments, and 
parts for increased wear resistance [2] [4].

The role of the fabrication process is to mix metallic 
and ceramic constituents in order to achieve acceptable 
interface strength and disperse the particulates uniformly in
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the matrix. Particulate metal matrix composites are 
manufactured by the powder metallurgical processes or by the 
casting processes. The powder metallurgical processes consist 
of sintering packed powder or hot isostatic pressing. The 
casting processes include die casting, investment casting, 
and squeeze casting. The liquid is stirred, mechanically or 
electromagnetically, above the liquidus temperature to 
promote uniform particle distribution. The final dispersion 
of particles depends also on the cooling rate. Slow cooling 
results in the particles being pushed to the grain boundaries 
or interdendritic areas. A more uniform dispersion is reached 
with high cooling rate. The surface energy of liquid metal 
plays an important role in wetting behavior of the ceramic 
particles. The foundry processes are in general less 
expensive for the manufacturing of particulate metal matrix 
composites [6].

Hardening and strengthening of particle reinforced 
alloys occur initially when the dispersed particles restrict 
matrix deformation by mechanical restraint. The amount of 
restraint effect is complex, and depends on structural 
factors. In general, it is a function of the ratio of the 
particle separation distance to the particle diameter, Sp/d,

and the ratio of the elastic properties of the matrix and the 
second phase, according to the equation (2.1). This equation
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applies when isostrain conditions apply, which is the case 
with particulate metal matrix composites [5].

The presence of hard particles in a metal matrix may 
result in a considerable increase in the high temperature 
mechanical properties. The basic mechanisms for this decrease 
in the creep rate is due to the influence of particles on the 
dislocation creep, diffusional creep, and grain boundary 
creep. The particles can act as obstacles to dislocation 
movement. Moving dislocations attempt to cut through or bow 
between the particles, or to by-pass them by climb and cross 
slip [2].

The standard power law for steady state creep rate of 
metals, £s, has been given in equation (2.4).

8S — B 1 an exp (—RT (2.4)

where a is the applied stress, n is the stress exponent, Qc 

is the activation energy for creep, B' is a constant and RT 
has its usual significance [2].

The creep resistance of metals can be significantly 
improved by a homogeneous dispersion of second phase 
particles which can serve as effective obstacles to the
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dislocation motion increasing the creep resistance of the 
metal. When subjected to an external load, the particles tend 
also to carry a higher stress, thereby reducing the stress 
level experienced by the matrix. Thus, the creep resistance 
of particle reinforced alloys is improved by these two 
mechanisms: bypassing of the particles by dislocations and 
reduction of creep rate associated with the stress 
distribution [3].

The creep behavior of copper-cobalt alloy with dispersed 
particulate second phase has been studied by Threadgill and 
Wilshire [7]. The variation of steady state creep rate with 
stress has been presented in figures 2.1 and 2.2. The data 
demonstrates that the stress exponent n decreases from 12 to 
5 with decreasing applied stress. The change in the slope 
takes place approximately in the range of the yield stresses 
of the test materials. The creep rates decrease with 
increasing particle diameter on low stresses below the yield 
stress. Decrease in creep rate with increasing particle 
diameter has been predicted when creep is assumed to occur by 
dislocation climb over the particles at stresses below the 
Orowan bowing stress. The increase in creep resistance with 
increasing particle diameter at low stresses is believed to 
be a result of larger particles providing more effective 
obstacles to sliding [2].
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Figure 2.1 Secondary creep rate as a function of the stress 
for copper 0.88 wt-pct cobalt alloy at 712K with 
average particle diameter of 3.3 nm (A), 8.3 nm
(O ) and 17.2 nm (V) [2].
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Figure 2.2 Secondary creep rate as a function of the stress 
for copper cobalt alloys at 712K with 0.88 wt- 
pet Co and average particle diameter of 8.3 nm
(O), 2.48 wt-pct Co and 15.1 nm diameter (A) and

4.04 wt-pct Co and 45.1 nm diameter ([]) [2].
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Figure 2.3 presents the steady state creep rate as a 
function of interparticle spacing for copper cobalt alloys 
tested at high stresses. Creep resistance increases with 
increasing particle size until the critical spacing and size 
are reached when then the dislocations are able to bow 
between rather than cut through the particles. Above the 
critical size the creep rate increases as bowing becomes 
progressively easier with increasing size and spacing of 
particles. When tested at high stresses, a minimum in steady 
state creep rate is observed for particle dispersions 
resulting in highest room temperature hardness [2].

The influence of particles on the creep rate has been 
taken into account by introducing a friction or threshold 
stress, aB, into the power law of steady state creep rate:

a-oB.no w  , Qc£3 = B" ( a) expE RT (2.5)

where oB is the Orowan stress and is calculated by Peterseim 

and Sauthoff [8] according to equation (2.6).

< % = .ior_*i.i3 (d s.,
2 11 4 X (2 .6)

where d is the diameter of particles, b is the Burgers vector
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Figure 2.3 Secondary creep rate as a function of particle 
spacing for copper cobalt alloys with 0.88 wt- 
pct Co (O), 2.48 wt-pct Co (A) and 4.04 wt-pct

Co (□) at 712K and 77.2 MN/m2 [2].
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and X is the mean distance between particles.

It has been found that the introduction of the threshold 
stress, aB and the elastic modulus correction in creep rate

equation brings the value of stress exponent, n, into the 
range found for the matrix material without particles and the 
value of Q close to the activation energy for self-diffusion

[9].
Bilde-Sorensen [9] suggested a model for particles 

affecting dislocation creep in which the glide process 
creates sites for strong recovery where a slipping 
dislocation reacts with a dislocation of opposite sign lying 
on an intersecting slip plane. The reaction creates strongly 
curved dislocations which will contract under the influence 
of their line tension forces. They will thereby lower the 
stress needed to break neighboring junctions. During creep, a 
junction breakage leads to the release of a slipping 
dislocation if the newly created dislocation is longer than 
the critical length. The slipping dislocations will through 
its intersections with dislocations of opposite sign create 
new recovery sites. If two networks with the same density are 
exposed to different deformation rates, as they could be with 
different particle strengthening, then the recovery rate will 
increase with increasing deformation rate.

In view of the high stress exponents found for particle-
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containing materials, the deformation enhancement of the 
recovery rate would be expected to have a particularly high 
significance in these materials.

Bilde-Sorensen [9] has concluded that no complete 
satisfactory theory yet exists for dislocation creep in 
particle containing materials. The approaches are based on 
the threshold stresses according to the equations (2.5) and
(2.6). The actual mechanism for the particle-dislocation 
interaction, and thereby the cause of the threshold stress, 
requires further investigation.

The thermal expansion affects the behavior of composites 
in high temperature environment, and thus has an important 
influence on the thermomechanical properties. In these high 
temperature applications the stability of components and 
structures made of metal matrix composites over a long period 
of time becomes a critical criterion. The stability can be 
described by two aspects: geometrical changes and changes in 
mechanical properties. In the first case the coefficient of 
thermal expansion (CTE) of structures and components plays a 
key role, and in the latter case the mismatch of CTEs between 
the metal matrix and the reinforcement phase has a dominant 
role [4].

If both matrix and reinforcing phase are isotropic, the 
thermal expansion coefficient (TEC) for spherical reinforced
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composite as been given as:

—  , Kp - Km
0tc — CX 4- Vp( 1—Vp) (ctp-ctm)

( 1-Vm) Km+VpKp+ ( ^m p )
(2.7)

where
c* — (1 — Vp) ctjfl + Vpap (2.8)

where K is the bulk moduli, p is the shear moduli and c, m 
and p are denoting composite, matrix and particle, 
respectively [4].

2.5 Solidification of a weld deposit

2.5.1 Solidification process

Solidification, in general, is a nucleation and growth 
process. Nucleation phenomena is classified as homogeneous or 
heterogeneous, but in practice homogeneous nucleation does 
not occur in liquid metals of commercial alloys.
Heterogeneous nucleation occurs in commercial cast alloys 
with undercoolings of 5 to 20°C [10].

In weld pool solidification the liquid is always in 
contact with solid metal and initial solidification occurs



T-4108 18

epitaxially. Epitaxial solidification is a heterogeneous 
process, but the nucleation free energy barrier is reduced to 
zero. This difference between the free energies of casting 
and weld pool solidification is presented schematically in 
figure 2.4. Liquid is in contact with the parent plate and 
the initial grains grow from the grains of the base metal in 
this process. The weld metal has grains with the same 
crystallographic orientation as the immediately continuous 
parent plate grains across the fusion boundary. Hence, the 
initial crystal size of the weld metal is inherited directly 
from the grain growth zone of the base metal. The grain size 
in the heat affected zone of the base metal depends on the 
magnitude and duration of thermal cycle experienced during 
welding and metallurgical characteristic of the material 
[ 10].

Solidification in weld metal proceeds by competitive 
growth along an easy-growth direction oriented most closely 
to the direction of the maximum thermal gradient in the melt. 
The maximum thermal gradient in the weld pool is normal to 
the pool boundary and thus the competitive growth process in 
a given material is controlled by the weld pool geometry.
Weld pool geometry is a function of heat input and thus it is 
a function of the torch speed and welding current. In both 
face center cubic (fee) and body center cubic (bcc) the
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activation energy 
for nucleation
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Figure 2.4 The free energy driving forces for casting and 
welding solidification [10].
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preferred directions are the <100> directions [10].
The solidification growth of the weld pool can take 

place in cellular, cellular-dendritic or dendritic mode 
depending on the alloy content, thermal cycle and cooling 
rate. Higher alloy content leads to a higher tendency for 
cellular-dendritic or dendritic growth. Flatter thermal 
gradients the have same effect on the growth mode.
Experiments with gas tungsten welding of low alloy steel have 
shown that increasing welding current at a fixed welding 
speed, or decreasing speed at a fixed current, causes 
substructure formation which changes the mode from cellular 
to cellular-dendritic during solidification of the weld pool 
[10].

2.5.2 Solidification with insoluble particulates

The distribution of particles in metal matrix composites 
which were manufactured by a casting technique depends on the 
nature of the interaction between ceramic particles and the 
growing solidification front. Basically, when a moving 
solidification front intercepts an insoluble particle, it can 
either push or engulf it. Engulfment occurs through growth of 
the solid over the particle, followed by enclosure of the 
particle in the solid. Two or more solidification fronts can
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converge on the particle if the solidification front breaks 
down into cells or dendrites [11].

Some major observations that have been made in 
solidification of metal matrix particulate composites are:
(1) matrix microsegregation is reduced by the presence of 
fibers or particles in a solidifying alloy, (2) the crystal 
morphology is modified from cellular-dendritic to featureless 
as a result of space restrictions and coalescence in 
interfiber in interparticle regions,(3) fibers or particles 
result in dendrite tip splitting and (4) certain phases can 
nucleate heterogeneously on fibers or particles, and matrix 
grains are refined in particle enriched areas [12].

A thermodynamic model suggested by Omenyi and Neumann 
[13] predicts engulfment when the net change in free energy 
due to engulfment is negative. A model proposed by Uhlmann 
et.al. [14] documented the existence of a critical interface 
velocity, Vcr. Below critical velocity particles are pushed

into the last freezing regions and above particles are 
engulfed. The critical velocity has been experimentally found 
to depend on particle radius, r, according to the equation 
2.9.

Vcr rn = constant (2.9)
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where the exponent n ranges from 0.28 to 0.90.
Other independent processing variables affecting 

particle behavior at the melt interface are: viscosity of the 
liquid (T]), interfacial energies, (aPL, aps and c^g), particle 
shape, density of liquid (pL) and the convection level in 

liquid [11]. The particle characteristics also influence the 
process. Particle aggregation, particle shape and the 
particle density (pp) must be controlled. Additional

variables have also been identified which must be considered 
in producing acceptable metal matrix composites. These 
variables are the liquid solid interface shape, the volume 
fraction of particles at the interface (fp) and the

temperature gradient ahead of the interface (G). The effect 
of the processing variables on the particles in the 
solidification structure is presented schematically in figure
2.5 [11].

2.5.3 Movement of insoluble particles in liquid media

The motion of particulates in the weld pool can be 
studied using fluid mechanics models which are based on force 
balance on a particle in the pool. The force balance on a 
particle in liquid metal is given as in equation (2.10) [15].
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Fs + Fk = F, (2 .10)

where Fs is the Buoyancy force, Fk is the friction force and 
Fw the gravity force. The forces can be expressed as [15]:

where rp is the radius of the particle, pj and pp are the 
densities of liquid and particle, respectively, r\ is the 
viscosity of the liquid, v^ is the velocity of the liquid

and g is the acceleration.
From equation 2.11 the velocity of the liquid, vlf to

suspend a particle with radius rp under a constant 

acceleration when the density of liquid is less than the 
density of particles can be determined. This suspension 
velocity of the liquid which contains spherical particle with 
a particle density greater than the fluid is deduced from the
Stokes' law and is given by Lajoye and Suery [16]:

When the density of the liquid is greater than the 
particle, the sign of the friction force is opposite and the

Vn = 2 rg (pp - pi) g
9 T| (2 .12)
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equation for the steady state velocity of the liquid is given 
by equation 2.13.

2 rg (Pl - pp) g V1 2 -------- ---------
9 'n (2.13)

When the velocity of the weld pool is greater than the 
calculated steady state liquid velocity, the analysis 
suggests that the particles will go with the stream and 
particle dispersion is expected. If the weld pool velocity is 
less than the steady state liquid velocity, the particulates 
will sink or float depending on their density and dispersion 
is not expected. When the particles do not disperse there is 
a greater probability of agglomeration.

2.6 Ferrous metals matrix composites

Tungsten fiber or wire has been widely used as a 
reinforcement in iron-based and high temperature super 
alloys. Good compatibility in iron-based matrix has been 
observed with tungsten reinforcement. This behavior is mainly 
due to the lower thermal expansion coefficient of iron-based 
alloys compared to the nickel-based super alloys [17]. The 
problem with these alloys has been interdiffusional effects
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between tungsten fibers and the matrix alloy. These reactions 
include recrystallization of the tungsten fiber and the 
formation and growth of an intermetallie layer surrounding 
the fiber. These reactions can be suppressed by coating the 
fiber with an interlayer and changing the matrix chemistry. 
Increase in nickel content and decrease in iron, cobalt and 
chromium contents have reduced these matrix-fiber 
interactions [18].

Titanium carbide particulates in ferrous alloys matrix 
have been used in many abrasive wear resistance applications. 
Several methods for producing such composites have been 
reported, including powder metallurgy [5], laser treatment of 
the sintered steel [19], plasma-spraying of the composite 
coating [20], precipitation of TiC into the matrix [21] and 
dispersion of TiC particles in the steel melt by 
electromagnetic stirring [21]. Particle size ranges in these 
wear resistance alloys from 1 jjm to 20-30 ym with 25 to 50 
volume per cent of TiC. Steel has been reinforced for wear 
resistance applications with other particles, such as niobium 
carbide, tungsten carbide, silica and alumina [21, 19, 22].

2.7 Experimental design

AISI 310 stainless steel was chosen for the matrix
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material for the particulate metal matrix composite welding 
consumable because of its applications as a high temperature 
material and because it solidifies with fully austenitic 
mode. The latter criterion makes the solidification 
investigation simpler since no duplex structure (austenitic- 
ferritic) would be expected during the solidification of weld 
pool with ceramic particulates.

The powders producing second phase particles in the weld 
pool were chosen with density criterion relative to the 
density of the stainless steel matrix. For the powder 
materials tungsten, tungsten carbide, niobium carbide and 
titanium carbide powders were selected. The densities of 
these materials are 0.0193, 0.0156, 0.0076 and 0.0049 g/mm3, 
respectively, while the density of the stainless steel is 
approximately 0.008 g/mm3. All of the mentioned powders have 
been used successfully with steels and stainless steels 
producing second phase particulates in the matrix by several 
researchers [20, 17, 22, 19]. The tungsten powder was used 
both uncoated and coated with glass. Being a refractory 
metal, tungsten was expected to dissolve in the matrix during 
the welding procedure, while the other particles were 
produced with ceramic powder and their dissolution in the 
matrix was expected to be smaller.

The hardness and the melting point of the second phase

tOLL-uJ. CO
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powder are also criteria in selecting the materials for 
particulate metal matrix composite materials. In this case 
the hardness and melting point of all powders were above the 
values of the stainless steel matrix material.

For the welding processes gas metal arc and gas tungsten 
arc welding procedures with argon shielding gas were chosen 
to study the transferability of the particulates through the 
arc and the recovery rate of particles in the weld pool.
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2.8 Goals of this research

The investigation is done to demonstrate that 
particulate metal matrix composite weld deposits can be 
manufactured and that the particles can be transferred 
successfully through the arc into the weld pool. Specific 
questions to be addressed:

(1) Can particulates be effectively transferred through 
the arc?

(2) What is the particle distribution and how can it be 
controlled?

(3) What influence do the particle size variation and 
density have on the uniform distribution, 
dissolution loss and transfer loss?

(4) What is the nature of MMC weld deposit?
(5) How would composite consumables be made?
(6) What rules would be necessary to design consumables 

for desired properties?
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3 EXPERIMENTAL PROCEDURE

3.1 Experimental materials

The welding wire that was used in these experiments was 
manufactured from 25 mm diameter AISI 310 stainless steel 
tube. The weld deposits were made on a 12.5 mm thick AISI 304 
stainless steel plate with a 90° angle V-groove. The chemical 
compositions of these stainless steels are given in Table I. 
AISI 310 stainless steel was selected to give a weld deposit 
with a matrix material that solidifies to be a fully 
austenitic microstructure. Thus, there is expected to be no 
second phase transformation, such as delta ferrite, during 
the solidification.

3.2 Powder materials used for second phase particulates

The second phase in the weld deposit was achieved by the 
introduction of tungsten powder, tungsten carbide, niobium 
carbide and titanium carbide powders. The powder materials 
were chosen based on the requirement that their hardness and 
melting temperatures would be higher than those of AISI 310 
stainless steel. The densities of the powders vary from 0.005 
to 0.019 g/mm3. The density of AISI 310 stainless steel is
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Table I The chemical composition of the base plate (AISI 
304 stainless steel) and the matrix material of 
the welding wire (AISI 310 Stainless steel) used 
in the experiments.

AISI 310 Stainless Steel in wt-pct
C Mn P S Si
0.053 0.55 0.020 0.010 0.61

Cr Ni Fe Co Cu
24.9 19.6 bal. 0.14 0.13

AISI 304 Stainless Steel in wt-pct
C Mn P S Si
ND 1.74 0.019 0.010 0.48

Cr Ni Fe Co Cu
20.2 9.0 bal. 0.11 0.21

ND = not determined
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approximately 0.008 g/mm3.
With sufficient hardness and particle size, the 

particulates can produce a second phase in the weld metal 
that can increase its high temperature creep life. High 
melting point of the potential second phase particulates 
minimizes the dissolution into the matrix weld pool during 
the welding procedure. The physical properties of the matrix 
and the powder materials are presented in Table II.

Tungsten powder was used with different particle sizes 
to study the effect of the particle size distribution in the 
consumable on the spatial distribution of the particulates in 
the weld deposit. The size categories of tungsten powders 
that were investigated have been listed in Table III.

The first two tungsten powder sizes that were 
investigated were 0.5 pm and -100 Mesh (< 149pm) powders. The 
tungsten powder was uncoated in these experiments. The next 
size categories were used with glass coating on the surface 
produced by the sol-gel process. The test matrix of different 
tungsten powder sizes that have been investigated can be seen 
in figure 3.1. Tungsten carbide, niobium carbide and titanium 
carbide powders were researched with one specific average 
particle size, 1, 2 and 0.5 pm, respectively. The powders 
were uncoated.
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Table II Physical properties of the welding wire matrix and 
powder materials [24]. The hardness values of the 
powder materials are microhardness values
expressed as kg/mm2 [25].

Density Melting Hardness
temperature

(kg/m3) (°C) (kg/mm2)

AISI 310 8000 1400 150 (*)
tungsten 19300 3410 450
tungsten carbide 15600 2870 3000
niobium carbide 7600 3500 2470
titanium carbide 4900 3140 3200

(*) Converted to Vickers hardness from Rockwell B hardness 
value [26].



T-4108 34

Table III Powder sizes that were used in the investigation.

tungsten
tungsten
tungsten
tungsten
tungsten
tungsten
tungsten carbide 
niobium carbide 
titanium carbide

■100 Mesh 
■325 +500 Mesh 
■200 +325 Mesh 
■100 +200 Mesh 
■60 +100 Mesh

average size 0.5 jim 
<149 jim 
25 to 44 jim 
44 to 74 jim 
74 to 140 jim 
140 to 250 jim 
average size 1 jim 
average size 2 j/m 
average size 0.5 j/m
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uncoated powder coated powder

-60+100 Mesh

-100+200 Mesh ▲ ---------------

-200+325 Mesh 
# #
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Figure 3.1 The test matrix for different investigated 
coated and uncoated tungsten powder sizes.
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3.3 Sol-Gel coating process

Tungsten powder was found to have a high dissolution 
rate in the stainless steel weld pool. This dissolution 
problem was experienced in the first two experiments with 0.5 
pm and -100 Mesh (<149 pm) size particulates. The sol-gel 
process, which can produce ceramic material by chemical 
processes, was used to produce Si02 glass coating on the

surface of the particulates to minimize the dissolution 
behavior by forming a physical barrier between the liquid 
metal and the particle.

Sol-gel process is a means of making high purity, 
homogeneous oxide materials at temperatures below the glass 
melting temperature [26]. The sol-gel process is based on the 
principle of polymerization of metal organics and metal 
salts. The process is illustrated schematically in figure 
3.2. In the first stage of the sol-gel process metal organics 
and metal salts are dissolved in solvent. This precipitation 
is followed by hydrolysis (I and II in figure 3.2) of metal 
alkoxide or metal salt solution to initiate a polymerization 
reaction (III) and produce a gel [27]. For example, an 
alkoxide of silicon, tetraethyl orthosilicate can be 
dissolved in ethanol, then reacted with water in order to 
undergo hydrolysis as presented in figure 3.2.
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Figure 3.2 A schematic presentation of the sol-gel process
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The sol-gel process is used to synthesize high purity 
inorganic material including near net shape monolithic 
components, powders as precursors in the production of 
ceramics, fibers and whiskers and thin coatings with various 
physical characteristics [28].

The glass coating was produced by mixing wet tungsten 
powder with tetraethyl orthosilicate (TEOS), Si(C2H50)4.

Moisture on the particulates reacts with TEOS and glass 
coating is formed on the surface. Reaction of TEOS with water 
produces a solution of Si(RO)3OH and ethanol, R(OH). If 
enough water is added, polymerization takes place and Si(OH)4 

forms gel in the solution. With the wet particle, this 
process occurs at the surface of particle and produces a 
coating on it. After the sol-gel coating process, the powder 
was dried in a furnace at 350°C temperature in argon gas 
atmosphere.

3.4 Welding filler wire fabrication

The powder cored welding filler wire was produced by 
starting with 200 mm long AISI 310 stainless steel tube with 
25 mm outer diameter and 5.5 mm wall thickness. The tube 
dimensions result 17.5 vol-pct for the amount of the powder 
in fully packed tube, with measured powder packing density of
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50 vol-pct. The powder packing density was determined by 
measuring the weight of the tube before and after the powder 
packing with knowing the dimensions of the tube and density 
of the powder material.

The powder packing was started by sealing the other end 
of the tube with a plug welded into it. The powder was then 
packed using a steel rod with hydraulic press and 53000 N 
packing force. Small amounts of powder, approximately 
500 mm3, were added at a time to ensure the highest possible 
packing density and uniform packing. The second end of the 
tube was sealed with a welded plug after the tube was fully 
packed. The manufacturing steps are presented in figure 3.3.

After the mentioned packing steps, the tubes were hot 
rolled to 5 mm diameter following the rolling sequence 
presented in Table IV. Table IV indicates the number of 
passes and anneals to achieve wire product. After hot rolling 
the wire was cold rolled to the final diameter of 2.5 mm.
This practice produced approximately 20 m of final wire.

The first experimental wire was drawn after hot rolling, 
but this method was found too difficult to produce powder 
filled cored wire The wire fractured easily during the 
drawing process. Cold rolling was preferred in later 
experiments.

After hot rolling the wire was cold rolled with 12
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Figure 3.3 Wire manufacturing steps to produce

powder filled cored welding wire.
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Table IV Hot rolling schedule used in the wire manufacture.

pass number final diameter (mm)

annealing 20 min at 1075°C 
1 13.9
2 12.1
annealing 5 min at 1075°C 
3 10.5
4 9.1
annealing 5 min at 1075°C 
5 7.8
6 6.8
annealing 5 min at 1075°C 
7 5.9
8 5.0
annealing 15 min at 1075°C

The tube was rolled each pass twice, rotating the tube 90° 
between the first and second pass.



T-4108 42

passes annealing six times between the passes. The wires that 
were filled with small particulate size powder (< 2jum) showed 
a tendency for flashing during the cold rolling. The wires 
that were filled with larger particle size tungsten powder 
did not show this behavior.

Before performing the welding procedure the wire surface 
was cleaned mechanically using a wire brush to remove the 
oxide layer from it. During the rolling operations some of 
the wires were flashed between the rolls and the flashed 
metal was removed by grinding before the welding operation.

Examples of wire pieces are presented in figure 3.4. The 
wire sections in figure are from different stages of rolling 
and present the flashing behavior wires that were filled with 
certain powder material causing the flashing to occur.

3.5 Welding procedure

3.5.1 Gas tungsten arc welding

Gas tungsten arc welding (GTAW) of the test materials 
was done with a 3 mm diameter tungsten welding electrode and 
argon shielding gas using straight current polarity. Weld 
deposits were produced as multibead welds with manual filler 
wire feed on 12.5 mm thick AISI 304 stainless steel plate
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Figure 3.4 a) Examples of wire sections in different stages 
of the rolling process.
b) Examples of wire showing the flashing behavior 
during the rolling operations.
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with 90° angle V-groove. Each weld deposit had three to four 
welded layers. Welding parameters of GTA welding are listed 
in Table V.

Alternating and pulsation current modes were used in the 
GTA welding to study the effect of the welding current mode 
on the dispersion and recovery of particles in the weld pool.

3.5.2 Gas metal arc welding

Gas metal arc welding (GMAW) procedure used an automatic 
torch carrying cart with a wire feeding gear using argon 
shielding gas to weld onto 12.5 mm thick AISI 304 stainless 
steel plate with 90° angle V-groove. The welding current was 
straight polarity direct current to reduce the heat input to 
the electrode during the welding procedure. The welding 
parameters of GMA welding can be seen in Table V.

3.6 Metallography

Welded samples were prepared for metallographic 
investigation by grinding them with 100 to 600 grit sand 
paper and polishing with 6 and 1 pm particle size diamond 
paste and 0.05 pm particle size aluminum oxide.

After polishing the samples were examined with a light
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Table V Gas tungsten and gas metal arc welding parameters 
that were used to produce particulate composite 
weld deposits.

Current Voltage wire feed torch speed
(Amperes) (Volts) (mm/s) (mm/s)

GTAW 200 A 22 V manual manual
GMAW 300 A 25 V 58 3.3
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microscope and photographed. For area fraction measurements 
and size prediction of the second phase particles the image 
analyzer LECO 2001 was used with a light microscope. Mean 
particle radius and mean distance between particles were 
calculated from the image analyzer data with the equations
(3.1) and (3.2).

where r and X are the mean particle radius and the mean 
spacing between particles, respectively, fp is the area 
fraction of particles, is the total area analyzed, np is

the number of particles. In this analogy the particles have 
been assumed to be spherical.

Scanning electron microscope (SEM) and energy dispersive 
spectrometer (EDS) with MICROQ software were used to study 
the dissolution of the powder materials in the weld metal.

3.7 Microhardness tests

r Vf p Atot 
np Jt (3.1)

(3.2)

Microhardness values of the weld deposits were
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determined because of the dissolution of some powders in the 
weld metal to study the effect of the dissolution on the weld 
metal hardness. The measurements were taken with the 
microhardness tester using 500 g test load across the weld 
pool.
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4 RESULTS AND DISCUSSION

The results consist of micrographs from the weld 
deposits made with powder filled cored welding wire, chemical 
analyses of the weld metal using the energy dispersive 
spectrometer with a scanning electron microscope, the weld 
metal micro hardness profiles and observations in 
manufacturing the wire. The micrographs have been organized 
according to the type and the nature of the powder material 
used to produce second phase particulates in the weld 
deposit. Weld deposits for each powder type and for both gas
metal arc and gas tungsten arc were analyzed.

The behavior of different powder materials and 
observations in the microstructures are compared. Specific 
interest is given to the nature of the powders, uncoated or
coated, and their particle size distributions. The
dissolution of different powders in the weld metal is also 
observed with scanning electron microscopy and energy 
dispersive spectrometer.
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4.1 Metal matrix particulate composite weld deposits with 
tungsten powder

4.1.1 Uncoated tungsten powder

Uncoated tungsten powder with 0.5 jjm and 100 Mesh 
(<149^/m) particle sizes was used. The experimental filler 
wires manufactured with these powder sizes were gas tungsten 
arc (GTA) and gas metal arc (GMA) welded. The microstructures 
of these samples can be seen in figures 4.1 and 4.2. The 
samples that can be seen in figure 4.1 have been welded with 
GTA process with direct current and straight polarity. The 
weld metal structures in figure 4.2 have been produced with 
GMA welding.

In the experiments with uncoated tungsten powder in the 
core of welding filler, the recovery of the particulate 
second phase in the weld pool was found to be poor. A large 
fraction of the powder dissolved in the weld metal or slagged 
on the top of weld pool. This behavior can be seen from the 
SEM/EDS measurement results.

A small number of powder particulates were detected in 
the weld metal produced with filler wire having an average 
particle size 0.5 fim. A large amount of the powder was found 
on the surface of the weld pool after solidification and some
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Figure 4.1 The microstructure of uncoated -100 Mesh
tungsten powder cored filler wire DCEN gas
tungsten arc welds.
a) mid weld, b) lower weld.
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Figure 4.2 The microstructure of uncoated -100 Mesh
tungsten powder cored filler wire gas metal arc 
welds.
a) mid weld, b) lower weld.
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of the powder was assumed to vaporize during metal transfer 
through the welding arc.

In GTA welding with -100 Mesh tungsten powder filled 
cored wire a large fraction of the particulates was 
clustered. These clusters were found in the bottom of the 
solidified weld pool and were 500 to 1500 pm in diameter.
This observation can be seen in the micrographs in figure 
4.1. The clusters of powder were smaller in the middle of the 
weld and did not exist in as large numbers as in the bottom. 
The amount of tungsten detected in the upper parts of the 
weld deposit was small and on large areas no tungsten 
particulates were detected at all.

Pulsed GTA and alternating current (AC) GTA welding 
procedures were used to study the effect of arc current mode 
on the powder dispersion in the weld pool. Neither of the 
methods was found to reduce clustering with uncoated tungsten 
powder welding wire. During pulsed current and AC GTA welding 
the amount of tungsten that had dissolved in the matrix was 
measured to be higher than with direct current GTA welding. 
The remaining powder agglomerates that were not dissolved, 
were mostly found in the bottom of the weld pool.

A large amount of the tungsten powder dissolved in the 
stainless steel matrix during the gas metal welding procedure 
of 0.5 pm and -100 Mesh powder filler wires. The features in
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the microstructure are similar to those in GTA welded 
samples. Most of the powder exists in the bottom of the weld 
deposit and has formed large agglomerates, while the middle 
areas have few particulates and the top areas none. This can 
be seen in figure 4.2.

Weld metal solidification cracking was observed at the 
lower areas of the weld deposits with clustered powder in 
both GTA and GMA welded deposits.

The amount of tungsten in the matrix was studied with 
SEM/EDS and the results can be seen in the Table VI. The 
amount of dissolved tungsten in the weld metal is slightly 
higher in lower parts of the weld deposit. An intermetallic 
reaction layer was found in the powder-matrix interface in 
the X-ray spectroscopy investigations. The composition of 
this layer is similar to the reaction zone layer in tungsten 
reinforced iron base alloys reported by Claufield et.al. 
[18], and was enriched in tungsten, iron and chromium. The 
intermetallic layer can be seen in the SEM micrograph in 
figure 4.3. Tungsten shows white in the figure and the 
intermetallic phase around it looks gray.
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Table VI

GTA weld 
GMA weld

The amount of tungsten in weld metal with uncoated 
tungsten powder welding wire.

tungsten in wt-pct 
bottom of weld middle of weld top of weld

15.5 14.6 14.0
14.6 13.0 14.3
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Figure 4.3 SEM micrograph of uncoated -100 Mesh tungsten
powder cored filler wire gas tungsten arc welds 
showing an intermetallic zone in the powder- 
matrix interface.
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4.1.2 Glass coated tungsten powder

The experiments with uncoated tungsten powder showed a 
low recovery of particulates in the weld deposit because of 
slagging and dissolving losses of the particulates. Glass 
coating was produced on the particulates to minimize this 
behavior and to enhance the amount of the second phase 
particles produced in the weld metal. The coating forms a 
physical barrier on the particles reducing its dissolution in 
the matrix metal. Also, powder size distribution was varied 
in this part to study the effect of particle size on the 
solidification behavior and recovery and dispersion of 
particulates in the weld pool. The welding wires, which were 
manufactured with the coated powder, were welded using both 
the GTA and the GMA welding processes. Microstructures of 
these weld deposits can be seen in figures 4.4 to 4.10.

In gas tungsten arc welded deposits the recovery of 
coated tungsten particles in the weld pool was observed to be 
better for all particle sizes than with using uncoated 
tungsten powder with 0.5 pm and 100 Mesh powder sizes. The 
powder particles were found to form clusters with the two 
smaller size categories, -325+500 and -200+325 Mesh powder 
sizes which can be seen in figures 4.4 and 4.5. In these weld 
deposits the agglomerated powder pieces were located mainly
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;

’■ 'i s- ■-

Figure 4.4 The microstructure of glass coated -325+500 Mesh 
tungsten powder cored filler wire gas tungsten 
arc welds.
a) mid weld, b) lower weld.
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Figure 4.5

arc welds.

The microstructure of glass coated -200+325 Mesh 
tungsten powder cored filler wire gas tungsten

a) mid weld, b) lower weld.
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Figure 4.8 The microstructure of glass coated -200+325 Mesh
tungsten powder cored filler wire gas metal arc
welds.
a) mid weld, b) lower weld.
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Figure 4.9 The microstructure of glass coated -100+200 Mesh
tungsten powder cored filler wire gas metal arc
welds.
a) mid weld, b) lower weld.
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Figure 4.10 The microstructure of glass coated -60+100 Mesh
tungsten powder cored filler wire gas metal arc
welds.
a) mid weld, b) lower weld.
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in the bottom of the weld. The amount of tungsten particles 
in the upper parts of the weld was small. In the middle parts 
of the weld deposit the particles showed some dispersion 
behavior. In some areas the clustered powder particles had 
some matrix metal in between them. This behavior was observed 
in the middle parts of the weld deposit. Cracking can be 
observed in the areas with powder clusters.

The gas tungsten arc weld deposits with filler wires 
that were produced in this part of the investigation have two 
larger particle sizes, -200+100 and -60+100 Mesh. These 
coated tungsten powders showed acceptable dispersion behavior 
of the second phase in the stainless steel matrix. In figures 
4 .6 and 4.7 it can be seen that the distribution of the 
particles in the weld metal is uniform and no clustering 
behavior can be seen. The amount of the second phase is 
larger in the bottom of the weld compared to the middle and 
upper parts. But unlike the smaller particle size weld 
deposits, these materials have particles in the upper parts 
of the weld as well. This observation can be seen by 
comparing figures 4.4 and 4.5 with figures 4.6 and 4.7. The 
matrix metal fills the interparticle areas uniformly. No 
cracking was observed in the weld metal with particulate 
second phase with these powder size categories.

The weld deposits that were produced with gas metal arc
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welding process using coated tungsten powder filled cord wire 
showed the same type of results as the GTA welded samples.
The two smaller powder sizes tend to agglomerate and sink in 
the bottom of the weld deposit and cause cracking in the 
clustered areas. The microstructure produced with -200+325 
Mesh tungsten powder filled wire can be seen in figure 4.8. 
The two larger powder sizes distributed better and the weld 
metal did not have clustering or cracking problem as can be 
seen in figures 4.9 and 4.10. The recovery of the particles 
in the weld pool during GMA welding was found to be smaller 
than with GTA welded samples. The amount of the second phase 
in the weld pool is smaller with the same powder size when 
compared to the GTA welded samples.

Intermetallic phases were observed in areas with coated 
tungsten powder, but the reaction layer that had been 
observed in the uncoated tungsten powder weld metal interface 
was smaller in the weld deposit with coated powder.
Apparently the dissolution rate was slightly reduced with 
coated powder but not eliminated because of a total coverage 
on the particle is hard to reach. This observation can be 
seen in the results of the SEM/EDS measurements of the 
dissolution rate in Table VII. Dissolution rate with GMA 
welding using the coated tungsten powder filled cored wires 
was observed to be higher than with GTA welding.
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Table VII The amount of tungsten in weld metal with glass
coated tungsten powder filled cored welding wire.

tungsten in wt-pct
bottom of weld middle of weld top of weld

GTA weld
-325+500 Mesh 14.0 13.0 1 2 . 2

-200+325 Mesh 1 0 . 2 1 1 . 0 14.2
-100+200 Mesh 10.3 1 2 . 2 1 2 . 6

-60+100 Mesh 1 2 . 8 12.7 1 1 . 2

GMA weld
-325+500 Mesh 12.4 11.45 12.7
-200+325 Mesh 12.4 13.3 13.0
-100+200 Mesh 14.3 13.0 12.4
-60+100 Mesh 1 1 . 6 12.9 1 2 . 8
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4.2 Composite weld deposits with tungsten carbide powder

Tungsten carbide was selected for a powder material to 
represent a potential second phase material with density 
between the densities of tungsten and the stainless steel 
matrix.

The experiments with tungsten carbide powder filled 
cored wire with both gas metal arc and gas tungsten arc 
welding procedures showed poor recovery of second phase 
particulates in the weld pool. A large fraction of the powder 
transferred to the weld pool dissociated and dissolved in the 
matrix, the rest of the powder formed large clusters located 
in the bottom of the weld. The microstructures of the weld 
deposits made with WC filled wire can be seen in figures 4.11 
and 4.12.

The powder agglomerates that were found in the gas 
tungsten arc weld metal were located in the bottom of the 
pool. The upper parts of the pool had areas where the 
tungsten carbide powder had dissociated and dissolved in the 
matrix forming intermetallic phases with iron and chromium. 
Very small amount of or no tungsten carbide particulates can 
be found in upper parts of the weld deposit as can be seen in 
figure 4.11.

The features with gas metal arc welded deposit looked
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v &r.

Figure 4.11 The microstructure of 1.0 jjm tungsten carbide
powder cored filler wire gas tungsten arc welds, 
a) mid weld, b) lower weld.



T-4108 69

Figure 4.12 The microstructure of 1.0 tungsten carbide
powder cored filler wire gas metal arc welds,
a) mid weld, b) lower weld.
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similar to those of the GTA welded deposit. The powder formed 
large agglomerates located in the weld root area, most of the 
upper parts did not have any particulates, and intermetallic 
phase formation was detected in large quantities. This result 
is shown in the micrographs in figure 4.12. The phase 
appeared in the interdendritic areas and is an eutectic 
solidification product according to the scanning electron 
microscopy investigation.

Solidification cracking was observed in the solidified 
weld metal in the areas with powder agglomerates. The cracks 
were detected in both GMA and GTA welded deposits.

The amount of tungsten dissolved in the stainless steel 
matrix was investigated and the results can be seen in Table
VIII. The dissolving rate of tungsten carbide powder in the 
matrix was found to be highest when compared to the other 
powder materials used. Areas with 35 wt-pct tungsten in them 
having an eutectic solidification structure were detected in 
the weld metal. Remaining particles in the weld deposit had a 
wide reaction zone around them. This zone consisted mostly of 
tungsten, chromium and iron. These reaction zones can be seen 
in the micrographs in figures 4.11 and 4.12.
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Table VIII

GTA weld 
GMA weld

The amount of tungsten in weld metal produced with 
tungsten carbide powder filled wire.

tungsten in wt-pct 
bottom of weld middle of weld top of weld

30.9 16.4 21.0
21.8 35.8 20.4
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4.3 Composite weld deposits with niobium carbide powder

Niobium carbide has a density just below that of the 
stainless steel. Niobium carbide was used to study how powder 
particles behave in the solidification structure of a weld 
deposit when the densities of the materials are close to each 
other.

The microstructures of gas tungsten arc and gas metal 
arc welds made with niobium carbide powder filled welding 
wire can be seen in figures 4.13 and 4.14.

In figure 4.13 the GTA weld microstructures are 
presented and it can be seen that the niobium carbide powder 
tends to form large agglomerates which sink in the lower 
parts of the weld pool. The largest of the powder clusters 
were detected to be one to two mm size in diameter. The upper 
parts of the weld had few particles. The amount of the powder 
that have dissolved in the matrix was measured to be small. 
The dissolving rate was smaller than that with tungsten and 
tungsten carbide powders.

The gas metal arc weld microstructures, which can be 
seen in figure 4.14, had acceptable particle dispersion. The 
niobium carbide particles have been dispersed uniformly in 
different parts of the weld pool. There was not a big 
difference in the distribution of particulates between the
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Figure 4.13 The microstructure of 2.0 jjm niobium carbide
powder cored filler wire gas tungsten arc welds, 
a) mid weld, b) lower weld.
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Figure 4.14 The microstructure of 2.0 niobium carbide
powder cored filler wire gas metal arc welds,
a) mid weld, b) lower weld.
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upper and lower part of the pool. However, some clustering of 
the powder was detected, but the agglomerates were smaller in 
size than those in GTA welded niobium carbide filled wire and 
the fraction of them on the weld metal was smaller. The size 
of the powder clusters ranged less than one mm in diameter.
No solidification cracking was observed in the weld metal 
produced with niobium carbide filled wire.

In the micrographs the cross shape of some powder 
particles should be notified. This observation indicates 
preferred orientation during the dissolution of particles.

The results of SEM/EDS measurements can be seen in Table
IX. The dissolving rate of niobium carbide in the matrix was 
acceptably low. The powder particles did not have a reaction 
zone on the particle-matrix interface, which was the case 
with tungsten and tungsten carbide particles. The dissolving 
rate was small in both GTA and GMA weld pools.
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Table IX

GTA weld 
GMA weld

The amount of niobium in weld metal produced with 
NbC powder filled wire.

niobium in wt-pct 
bottom of weld middle of weld top of weld

0.5 2.8 1.6
4.0 3.3 3.4
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4.4 Composite weld deposits with titanium carbide powder

Titanium carbide had the lowest density of the test 
material powders, being 0.0049 g/mm3. Titanium carbide was 
selected to study how solidification of a weld deposit take 
place with low density powder particles.

The microstructure of the weld metal produced with 
titanium carbide powder filled wire with gas tungsten and gas 
metal arc welding procedures can be seen in figures 4.15,
4.16 and 4.17. The powder dispersion is uniform and only 
minor clustering of powder can be notified. The dissolution 
rate of the powder in the matrix is low and acceptable.

The particle dispersion in gas tungsten arc weld pool is 
uniform as can be seen in figure 4.15. No difference between 
upper and lower areas of the weld pool was detected. Some 
clustering and agglomerate formation had taken place, but 
this occurrence was not a trend with this powder-welding 
procedure combination. Particles were pushed into 
interdendritic areas during solidification so that the 
dendrite arms can be observed in the solidification 
structure. This result can be seen in figure 4.16. This 
observation was assumed to be due to the low density of the 
powder with small radius and matrix and low solidification 
velocity. In equation (2.9) it was presented that the



T-4108 78

Figure

r *# */ * -\
7 %.

» * "w* -* ~~ ? -t “T *' #
. ' St ’ ’ >
v <'*• >' -■> ~--r£'.4;

r /  .V  »  f l k -  » l a  •<

'•*%■*■ '• " C * * ** <1. ■ .
. •.- % .Ir * :■ v  *• - «^  —  o' «« -X^>^v ^w"* f#r

•— * **> . •  • r >•*A> » N, 1/!> ' v pw-« * ,r ' *£■ -% -* «L if-> * ,^  *
' 1/^ *

*■ V**
o-Vvf

'>

* >' *» *«a » ' 9 * O*

/
t. £? W  4 ••v &d" •- 0

, .*
<& .. i

■®\

\

. v>

u -»? -v •- v -3MU -
- *  x
: i * - *«' - ,.n: •C» ,. *“\'M O

O
a _»

* **

5-\

i *

» Iv,t© * V •*
% 2 0  /im

»# " c >*♦- • , J? X' .’%! ̂  * *-►*. jkp* ,*# :* - J > +~ ^ <

’, * > „ * \ r ( ' *■

•J;-aK
■ <» ^  ‘■ * • * r .. ■ \ ;

- *•
♦ T V \n * ,j*>- c ,  v• * * f Jr j K '' ̂'•« — ^  '*,,, * ✓ * * ' * ..a' * < ' c '

T v

• > ? i rw . v ^ a s f c l ^ ' £ . ^'J* */*r .•* , -^ >/, - \«U . I ; ' *  ̂ "v % <% jjjff '«K r 
*»>" * k <►'■ VJrr

•V

b ) >•
* % *• V * » Jjy>- v*

-*■ »v »
20 I.  ..1

.15 The microstructure of 1.0 jum titanium carbide
powder cored filler wire gas tungsten arc welds, 
a) mid weld, b) lower weld.
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Figure 4.16 The microstructure of 1.0 m titanium carbide
powder cored filler wire gas tungsten arc welds 
showing how the particles disperse in the 
solidification structure.



T-4108 80

jiji w  * . * * -jSh * * r-,. ..
* I ?  - v ^ t M  A ’; * - c V ^ u ’V - ? / . « : " * , #  • '* <•  • *.• <  ' * v  . .

r “ . ' !  4 3 * / r  .  ,  * # '  * < £  V ' /  * .  * %  ' •  ~  ’..V' -v. .41* . vfvV?. 40 /̂m

40

Figure 4.17 The microstructure of 1.0 titanium carbide
powder cored filler wire gas metal arc welds,
a) mid weld, b) lower weld.
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interface velocity during the solidification has a critical 
value of Vcr. Below this velocity value the particles are

pushed into last solidifying areas.
The gas metal arc weld metal microstructure looked 

similar to the GTA weld metal. The microstructure is 
presented in figure 4.17. Powder dispersion is uniform on all 
parts of the weld deposit. Some powder agglomerates could be 
detected, fewer than experienced in the GTA weld metal. The 
particles were not in the solidification structure in 
interdendritic areas as they were in GTA weld weld deposits. 
This behavior was assumed to occur because of the higher 
cooling rate of the weld pool.

The dissolution rate of titanium carbide in the matrix 
was the lowest among the test materials that were used. The 
chemical analyses determined for different parts of the weld 
deposit can be seen in Table X. The results of these 
measurements are similar to those resulting from niobium 
carbide powder filled cored wire. No reaction zone around the 
Tic particles was detected. Cracking did not occur in the 
weld pool produced with titanium carbide powder filled wire.
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Table X

GTA weld 
GMA weld

The amount of titanium in weld metal produced with 
Tie powder filled wire analyzed by EDS.

titanium in wt-pct 
bottom of weld middle of weld top of weld

0.6 1.0 0.4
0.5 1.4 1.0
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4.5 Movement of the particles in the liquid weld metal

The flow of particulates in weld pool was studied using 
equations (2.11), (2.12) and (2.13). In the calculation 0.006 
kg/ms was used for the viscosity of the liquid metal (r\) [29]

and for the welding parameters that were used, 0.15 m/s was 
given as a value for the weld pool velocity (v^) by Woods and

Millner [30]. The calculated forces and liquid velocity 
values for particle suspension (v^ can be seen in Table XI.

The powder density values for condition of force balance 
on the particle and where v^ equals v^, were calculated as a

function of particle radius using equations (2 .1 2 ) and 
(2.13). The results can be seen in figure 4.18. The data 
points of the investigated powder materials are also marked 
in the figure.

The calculated results in Table XI showed that the 
suspension velocity of the liquid (vj) for the particles in

the weld pool is lower than the weld pool velocity for every 
powder size category that was used in this investigation. The 
friction force that was calculated using weld pool velocity 
0.15 m/s, is the dominating force for each powder size. This 
comparison suggests that the particles should disperse 
because the friction force overcomes other existing forces.
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Table XI Particle forces and velocities in a weld pool.

Particle Buoyant Friction Gravity Liquid
radius force Fs force Fk force Fw velocity
(jLzm) (N) (N) (N) V2 (m/s)

tungsten 97.5 3. 0 *1 0 -7 1 .6 *1 0 “ 6 7. 4*10“ 7 3.9*10- 2
-60+100
tungsten 53.5 5.0 *1 0 -8 9.1 *1 0 ~ 7 1 .2 *1 0 -7 1 .2 *1 0 - 2

- 1 0 0 + 2 0 0

tungsten 29.5 8.44*10~ 9 5.0 *1 0 ~ 7 2 .0 *1 0 - 8 3.6*10- 3
-200+325
tungsten 17.3 1.7*10“ 9 2 .9*10-7 4.1 *1 0 “ 9 1 .2 *1 0 - 3
-325+500
tungsten 37.5 1.7*10-8 6 .4*10“ 7 4.1*10-8 5.8*10-8
- 1 0 0

tungsten 0.25 5.1 *1 0 ” 15 4.2 *1 0 -9 1 .2 *1 0 - 14 2 .6 *1 0 ~ 7
WC 0.5 4.1*10- 14 8 .5*10“ 9 8 . 0 *1 0 “ 14 6.9*10- 7
NbC 1 3. 3*10“ 13 1.7*10- 8 3.1 *1 0 “ 13 1.5*10- 7
TiC 0.25 5.1*10" 15 4.2 *1 0 -9 3.1*10- 15 7.0*10-8
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Figure 4.18 The particle density plotted as a function of 
radius for particle dispersing with v^p = 0.15

m/s. (O) indicate the data points used in the 
investigation, is the weld pool velocity and
vx is the liquid velocity for particle 

suspension.
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In figure 4.18 the calculated flow velocities for 
particle suspension with different particle radius values and 
density values using weld pool velocity (vwp=0.15 m/s) have

been plotted. The dotted curve in the figure represents the 
density and radius values for particle suspension to exist 
with used weld pool velocity. The particles that are located 
to the right of the curve have greater liquid velocity for 
particle suspension than the weld pool velocity. Based on the 
concept of this model these particles would not disperse. All 
of the investigated powder materials are located to the left 
of the particle suspension velocity curve. This observation 
suggests that these particulates should disperse in the weld 
pool because the weld pool velocity is greater than the 
liquid velocity for particle suspension.

However, non-dispersion behavior was observed with some 
of the powder materials having a low fluid velocity for 
particle suspension. This behavior was assumed to occur 
because of the model does not take into account the powder 
interactions and because the flow conditions in the weld pool 
are more complicated than assumed in the model. The particle 
interactions have higher possibility to occur with small 
powder size because of the mean particle separation becomes 
smaller when the powder size is reduced with a constant 
powder volume fraction. This situation enhances the
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probability for interaction. Also, when powder particles have 
interacted and agglomerated the effective particle size is 
increased. When the particle size increases the weld pool 
velocity for particle dispersion increases. The liquid 
velocities for particle suspension were calculated using 
average particle size values. The particle size distribution 
can cause difference between predicted and actual particle 
dispersion situations.

The liquid flow conditions are presented schematically 
in figure 4.19. The hatched area in the bottom of the weld 
pool in the figure illustrates an area where the flow 
velocity can have low value or be zero. The low velocity area 
exists in the pool because of these areas get trapped by 
streams. If the weld pool velocity is low enough it can be 
below the liquid velocity of particle suspension for the 
material that is been used. This condition supports the 
interaction between powder particles and causes non
dispersion of the particles and can lead to formation of 
agglomerates. In the area with low flow velocity the 
probability for particle interaction and agglomeration is 
higher. The powder clusters which were found in the weld 
deposits produced with small particle size tungsten and 
tungsten carbide powders were located mainly in lower weld 
pool areas.



T-4108 88

Figure 4.19 A schematic presentation of the weld pool flow
streams. Hatched area remarks the area with Vj-O

m/s.
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In figure 4.20 the effect of low weld pool velocity on 
the liquid velocity for particle suspension has been 
illustrated. The density values for particle suspension as a 
function of radius has been calculated with v ^  value of

1.5*10~7 m/s. In the figure it can be seen that if the weld 
pool velocity is 1.5*10~7 m/s only two of the experimental 
powders with densities 4900 and 7600 kg/m3 would disperse.

4.6 Average size and area fractions of second phase in the 
weld deposit

The mean radius (r) and the mean distance between 
particles (k) calculated with the equations 3.1 and 3.2 from 
the image analyzer measurements are shown in figures 4.21 and 
4.22. The area fractions of the second phase with different 
powder materials measured with the image analyzer are shown 
in figure 4.23.

The measurements show that titanium carbide produces the 
smallest average second phase particle radius to the weld 
deposit. This can be seen in figure 4.21. Niobium carbide has 
the second smallest average particle radius. Measurements for 
weld deposits produced with wire filled with different 
tungsten powder sizes showed that the two initially largest 
size powders produce the smallest second phase particle
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Figure 4.21 The mean particle radius (r) produced with 
different types of powder.
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Figure 4.22 Mean distance between particles (X) with 
different powder materials.
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Figure 4.23 Area fractions of second phase with different 
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radius. This behavior occurs because of the particles in weld 
deposits produced with a wire filled with small particle size 
powder tend to form large agglomerates in the structure. The 
formation of these agglomerates increases the effective 
particle radius.

The largest area fraction of powder was measured with 
-60+100 Mesh coated tungsten powder filled wire weld deposit 
as shown in figure 4.23. The lowest area fractions were 
observed in -100 Mesh uncoated and -325+500 Mesh coated 
powder filled wire welded deposits.

4.7 Hardness profiles

The weld metal hardness was measured with the 
microhardness testing equipment taking reading within every 
1 mm distance over the pool. These measurements were taken to 
determine the effect of possible dissolution of powder 
particles on the hardness. The results can be seen in figure 
4.24.

It can be seen in figure 4.24 that the average hardness 
values of weld metal produced with tungsten carbide powder 
filled cored wire are the highest of the materials 
investigated. This result occurs because of the high 
dissociation and dissolution rate of the tungsten carbide
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Figure 4.24 The microhardness profiles of the composite weld 
deposits.
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powder during the welding procedure, as indicated in Table 
VIII. Dissolution of tungsten causes solution hardening in 
the weld metal.

High hardness peak values in the weld metal produced 
with -325+500 Mesh tungsten filled powder are caused by the 
powder clusters in the weld deposit. The hardness values of 
titanium carbide and niobium carbide were measured to be the 
lowest among the test materials. This result may indicate 
that the dissolution rate of these powder materials in the 
weld deposit is the lowest. These observations are similar to 
those seen in Tables IX and X.

4.8 Conceptional design criteria of the composite weld 
deposits with desired properties

The design of particulate composite weld deposits must 
consider the criteria for enhanced creep resistance due to 
the particle reinforcement of the alloy and the effect of 
powder size distribution on the achieved microstructure. In 
figure 4.25 mean free path between particles with different 
particle diameters has been plotted as a function of the 
volume per cent of particles. The particle reinforcement 
region ranges from 0.3 to 4.5 pm with assumed 17.5 volume per 
cent of second phase and particle diameter from 0.1 to 1 pm.
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Figure 4.25 Relationship between volume fraction and mean
free path for dispersion strengthened alloy with 
different particle sizes [5].
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Figure 4.26 Conceptual designing criteria for the 
particulate composite weld deposit.
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The particle radius and mean free path for particle 
reinforcement is plotted as region for particle reinforcement 
in figure 4.26. In the same figure the mean free path values 
are plotted as a function of particle radius from the image 
analyzer results. The region which is marked as dispersion of 
particles in figure 4.26 is based on the observations in the 
experiments with different powder size distributions. The 
particle radius is a linear function of the mean free path 
between particles only with one particle volume fraction 
value. This dependence between r and X has been derived in

Appendix A.
The optimum designing criteria would be the overlapping 

area of the regions in figure 4.26. In this area both the 
particle strengthening and the right processing conditions 
would be expected to exist.

4.9 Summary

The research has demonstrated that particulate metal 
matrix composite weld deposits can be made and that the 
particles can be transferred through the arc into the weld 
pool.

The particle dispersion can be controlled with proper 
selection of powder. The criterion for optimum powder
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material include particle size, type, density and 
composition.

Powder type and composition are important factors 
affecting the behavior of the second phase particles in the 
weld metal solidification structure. The powder should be 
chosen so that the expected reactions with the matrix 
material will be minimized. Coating can be used to slow down 
or prevent reaction between particle and matrix. Coating will 
also decrease dissolution rate of the powder into the matrix.

Particle size is an important factor. This investigation 
has shown that particle size will influence the distribution 
of the particles in the weld pool together with the density 
of the powder. Selection of welding process and welding 
variables will influence particle distribution.

The efficiency of transferring particles depends on the 
composition and size of the powder. Transfer loss has been 
observed to be higher with smaller particle size with the 
same powder material.

The composite consumable can be made with the same 
methods as flux cored welding consumables. In this study cold 
rolling was found preferable for manufacturing the composite 
wire to drawing.

As a proposed future improvement for making particulate 
metal matrix composite weld deposit it is suggested that
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different method should be used to produce the powder filled 
cored welding wire. It was believed that the manufacturing 
method that was used in this work may increase the tendency 
for the powder clustering during the welding procedure.
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5 CONCLUSIONS

The following conclusions have been made about achieving 
particulate metal matrix composites as a weld deposit based 
on the observations during this investigation:

(1) The particulates can be effectively transferred through 
the arc into the weld deposit.

(2) An uniform particle distribution can be reached with 
right materials selection and processing parameters.

(3) Both the particle size distribution of the powder and 
the particle density influence the spatial particle 
distribution in the weld deposit.

(4) Consumable design rules can be established to achieve 
optimum weld deposit properties and processing 
conditions.
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Appendix A

Calculation for the mean free distance between particles as a 
function of the particle radius with different volume 
fractions of particles. Total volume of a cube having 
particle in each corner as shown in figure A.l:

where f is the volume fraction, r is the particle radius and 
X is the mean free path between the particles.

In figure A.2 it can be seen that log r plotted as a 
function of log X is linear for only one volume fraction

value.

V = X'3 (A.l)

Volume fraction of particles having radius r:

(A.2)

X = [ —  jt —  ] 3 r 3 f (A.3)

logX = -i- log ] + log r (A.4)
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Figure A.l. Particles with a radius r distributed uniformly 
in space with a mean free distance between particles (X).
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Figure A.2. The particle radius as a function of the mean 
free distance between particles with different volume 
fractions of particles.


