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ABSTRACT

The effects of welding process variables on the 
microstructure and wear resistance of chromium carbide 

white iron hardfacing deposits were studied. Two 

separate approaches were taken using different high 
chromium, high carbon, white iron open arc flux cored 
7/64-inch (2.8 mm) diameter hardfacing electrodes. Wear 
resistance increased with increased carbide volume 
fraction; dilution strongly controlled the carbide 
volume fraction found in the deposits. The low stress 
abrasion resistance of these hardfacing deposits was 
dependent upon the dilution, which in turn was 
controlled by the welding parameters. High heat input 

deposits containing large hypereutectic primary 

carbides surrounded by the M 7C 3 - austenite eutectic 
microconstituent gave the best wear resistance. In the 
first study, data indicated that wear resistance 
increased with both increased deposition ratio (defined 
as wire speed divided by travel speed) and heat input.
In the second study, the deposition ratio was not 

allowed to vary greatly. Results of this study
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indicated that the material transfer efficiency (taken 
to be proportional to the actual bead cross-sectional 
area divided by the theoretical bead cross-sectional 

area) was very important in determining the wear 
resistance of the final deposit. Wear resistance 
increased with increased material transfer efficiency, 
for a given heat input, because dilution was 
correspondingly decreased. Globular arc transfer mode 
resulted in the best material transfer efficiency.

Spray transfer mode, on the other hand, resulted in the 
poorest material transfer efficiency.
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INTRODUCTION

Wear, fatigue, and corrosion are the three most 

common industrial problems requiring, at considerable

cost, component replacement (1)• Besides the money 
spent to maintain and replace worn equipment, the cost 
of wear includes both scheduled and unscheduled down 
time and reduced equipment efficiency. Estimated cost 
of wear in the United States is between 4 to 6 % of the 
GNP, or 100 billion dollars annually (2). Thus the 
prevention of wear can potentially result in tremendous 

savings.
Before wear prevention can properly be implemented, 

a good understanding of what wear is and how it affects 
materials must be known and understood. In particular, 
an understanding of how metals interact with wear 
environments is useful because they are by far the most 
common material used in industrial situations. Many 
definitions of wear are contained in the literature, 
some ot which are listed below:
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1 ) the destruction of material produced as a 
result of repeated disturbances of the 
frictional bonds (Krakolski) (1, 3)

2 ) the progressive loss of substance from the 
operating surface of a body, occurring as a 
result of relative motion of the surface 
(OECD) (1, 3)

3) the removal of materials from solid surfaces 
as a result of mechanical action (Rabinowicz) 
(1, 3)

4) the removal of material from surfaces in 
relative motion by mechanical and/or chemical 
processes (Tabor) (1, 3)

5) the removal or displacement of materials by 
surface interactions (4)

6 ) deterioration due to use, and in the case of 
abrasion, the deterioration as evidenced by a 
loss of material from the surface (5).

Wear, which is involved with a vast number of everyday 
industrial applications, can be broken down into 
several, more specific, categories. Eyre (1) has 
categorized wear and ranked the prevalence of each wear 
type as follows : Abrasive (50%), Adhesive (15%), Erosion 
(8 %), Fretting (8 %), and Chemical (5%). From these 
percentages one can see that abrasive wear in industry 

is the dominant type, accounting for about half of the 
wear encountered in industry (6 ).

Just as wear has several definitions and 

connotations, so does the term abrasive wear. Some of
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the common ideas concerning abrasion deal with the 
manner in which the wearing surface interacts with 
abrading particles. Eyre (1) says that "abrasive wear 
occurs when hard particles penetrate a surface and 
displace material in the form of elongated chips or 
slivers." Generally, abrasive wear is broken down into 
two categories: high stress and low stress. Distinction 

between high and low stress is often made on whether or 

not the forces acting between the abrading particle and 
abraded surface exceed the crushing strength of the 
abrading particles (6 ). This means that the study of 
abrasion can be approached by considering the amount of 
stress acting on the system. Since abrasion accounts 
for half of the wear problems encountered in industry 
(6 ), a better understanding of abrasion and its 

interaction with materials commonly used to resist 
abrasion could result in reducing the negative effects 
of wear.

The project discussed herein was designed to give a 
better understanding of the low stress abrasion 
resistance of typical chromium carbide white iron type 
hardfacing deposits. To do this, a comparison of the
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low stress abrasion resistance of chromium carbide type 
hardfacing deposits was made by systematically varying 
and analyzing the welding parameters used to deposit two 
7/64-inch (2.8 mm) diameter open arc flux cored wires. 
Since the microstructure determines abrasion resistance, 
the study used the microstructure to help analyze the 
effects of welding parameters on the deposits' low 

stress abrasion resistance.

A survey of the literature indicates considerable 
work has been done to study the important factors 
affecting abrasion resistance. Many materials are used 
to resist abrasion. However, the performance of these 
materials depends upon the conditions under which they 
are applied. For example, one reason for the high 
volume of different materials used to combat abrasion, 
and how the effectiveness of these materials differ, 
results from not understanding the environment in which 
the metal surface is performing. How the materials will 
react to any given wear environment is often 
misunderstood. This is due in part to the fact that the 
wear resistance of a metal is not an intrinsic 
mechanical property of that metal (7). The abrasion
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resistance of materials must be approached by 
considering not only the metal's intrinsic properties, 
but also the effects of the whole environmental system 
acting on that metal. Even though there is a wide 
choice of metals available for various abrasive 
environments, the best choice is frequently not made 

because the reaction of the metal to the environment was

not known or was misunderstood. Research has been made 
available to help industry understand and properly deal 
with abrasive wear problems (8-25).

A study of low stress abrasion must relate to 
common low stress environments encountered in industry. 
Some commonly given examples of low stress abrasive 
environments include agricultural machinery (for 
example, a plowshare in sandy soil), mine and quarry 

screens and chutes, steel mill guides, grit blasting 
equipment, slurry pumping equipment, conveyors of ore 

concentrates, equipment for handling particulate 
containing atmospheres, and earth moving equipment (14, 
24, 26, 27).
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APPROACHES USED TO COMBAT ABRASION

A common and economically successful engineering 
approach used to minimize both abrasion and wear in 
general involves some type of surfacing. Hardfacing is 
the surfacing technique most often used by industry to 
combat low stress abrasion. It is also used to reduce 

the damage caused by impact, erosion, galling, and 
cavitation. When hardfacing is used, a more wear 
resistant material is weld deposited, often by arc or 
oxyacetylene welding, onto the surface exposed to the 
abrasive environment (19) . Some of the more commonly 
used hardfacing arc welding processes and consumables 
include semi-automatic and automatic gas shielded wires. 
Cored wires, both shielded and unshielded, open arc flux 
cored, and gas shielded flux cored electrodes are often 

used. Submerged arc welding is also commonly used (25). 
Not only is the effectiveness of the hardfacing deposit 
a function of the welding process chosen, it is also a 
function of how the chosen process is applied (28-35). 
Although sometimes overlooked, the proper selection of 
both the welding method and the proper welding technique
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are very important when trying to maximize abrasion 
performance. Proper welding technique strongly depends 
upon the proper selection of the welding parameters, 
which in turn depend upon the materials involved.

CHROMIUM CARBIDE TYPE DEPOSITS AS USED TO COMBAT 

ABRASION

To reduce low stress abrasion, many different 
hardfacing materials are used. According to how 
effectively they reduce low stress abrasion, some of the 
common materials often deposited by arc welding are 
ranked as follows: tungsten carbide composites, chromium 
carbide type irons, martensitic irons, Cr-Ni-Si-B alloys 
of the harder type, austenitic or pearlitic irons, 

high-carbon martensitic steels, austenitic manganese 
steels, and low carbon steels (11) . Other material 
systems, such as titanium carbide, are becoming more 
common and are very effective in resisting abrasion.

Of these hardfacing alloys, chromium carbide type 

irons are the most widely used (33) and experience and 
research has proven them to successfully reduce abrasion 
in low stress (and some high stress) applications.
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Low stress abrasion resistance of chromium carbide 
white iron hardfacing deposits comes first from the hard 
primary hypereutectic carbides. These carbides are
hexagonal (or trigonal) with 56 metal and 24 carbon 
atoms in the unit cell. Usually, the carbide
contains approximately 55 weight percent chromium and 36 

weight percent iron (33, 36). Maratray (37) has found

that the chromium content of the M^Cg carbides increases 
with an increase in the overall alloy chromium/carbon 
ratio. For a Cr/C ratio of 3.5, the chromium content of 
the carbide is about 30%. A Cr/C ratio of over 8.0
produces a maximum chromium content in this carbide of 
around 60%.

Both primary and eutectic MyCg carbide morphologies 
are affected by cooling rates. A hardfacing weld 
deposit, because of its relatively fast cooling rate, 
produces a MyCg morphology of hollow rods (32, 38). The 
Vickers microhardness of these MyCg carbides range from 
950HV0.05 to 1444HV0 .0 5 (36). Other hardness testing 
methods used reported hardness figures of Rockwell C 75, 
Knoop hardness of 17 35 (39), and HV 1200 to 16 00 (40). 
The high hardness of these carbides is primarily 
responsible for the chromium carbide type hardfacing
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deposit's wear resistance.
Support of the carbides (whether they are

eutectic or primary) is the primary purpose of the 
microstructure's matrix. Although the matrix is always 
important in wear applications, with low stress abrasive 
wear, the matrix is considered to play only a secondary 

role. In contrast, the matrix in high stress abrasive

wear applications has a strong effect on toughness and 
thus greatly influences high stress abrasion resistance 
(8 , 39-41).

Although commercially available chromium carbide 
iron hardfacing wires contain chromium and carbon, they 
also contain silicon, impurities, and in some wires, 
molybdenum and other additions. Even though these other 
elements are present, the Fe-Cr-C ternary phase diagram 
gives a good indication of what microstructures will 
result when a chromium carbide type welding consumable 
is applied to a low carbon steel base. Whenever ternary 
equilibrium diagrams are used to predict a 
microstructure, it is important to note that the fast 
cooling rates of welding do not usually provide for 
equilibrium. Therefore, since the cooling rate in a 
weld deposit can be quite fast, an inspection of the
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Fe-Cr-C ternary liquidus surface may give an indication 
of the constituents a weld microstructure is likely to 
contain. For example, if a 20% Cr 4% C alloy is 
examined, the expected microstructure would contain 
hypereutectic M^Cg primary carbides in a matrix of 
eutectic M^C^ carbides and retained austenite.

Isothermal sections can be used to determine the 

microstructure if the weldments are heat treated. The 
Fe-Cr-C ternary liquidus diagram is shown in Figure 1. 
This diagram was extracted from ASM Metals Handbook, 
Volume 8 (42); which is commonly accepted as correct and 
compares closely with others in the literature (43, 44).

IMPORTANCE OF THE WELDING PROCESS

Many research efforts have dealt with the 
fundamentals of the welding process and their effect on 
the resulting hardfacing deposits. Among the variables 

studied, these research efforts have analyzed effects of 
the welding process (including current, potential, heat 
input, and stickout), base plate - deposit interactions, 
and bead geometry. The overall focus of many research 
efforts is to understand and produce a final optimal
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Figure 1. Fe-Cr-C ternary liquidus diagram. Often 
the composition of chromium carbide type hardfacing 
alloys is near the y - M_,C^ eutectic.
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microstructure for each application (1, 8 , 26, 28, 32, 
33, 36-41, 45-48).

Results of these research efforts indicate that the 

welding parameters used in the chromium carbide type 
iron hardfacing deposits greatly affect their wear 
resistance. In these systems, the wear resistance comes 

from either: 1 ) a hypereutectic microstructure of

primary carbides in a - austenite eutectic
microconstituent (or its decompositional products, 
depending upon the chemical composition, cooling rates, 
and heat treatment), or 2 ) a hypoeutectic microstructure 
of primary austenite dendrites (or austenite's 
eutectoidal decompositional products) surrounded by a 
MyC3 - austenite eutectic microconstituent. Since the 
welding parameters affect the wear controlling 
microconstituents of chromium carbide hardfacing 
deposits, a better understanding of these effects and 
how to control and predict them is important.

Many of these research projects are concerned with 
the effects of the welding parameters on dilution, which 

is of considerable importance for several reasons.

These reasons include: 1) the prevention of spelling 
through adequate penetration, and thus the necessity of
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dilution, and 2 ) the chemical composition of the 
surfacing material usually being different, and more 
costly, from that of the base metal. Thus, dilution 
will greatly affect the resultant deposit's 
microstr ucture.

For hardfacing via arc welding, some of the effects 
of process parameters have been studied and are

summarized in the welding handbook (25). An increase in 
current is often believed to cause the arc to increase 
its penetration, and thus dilution. If the current is 
held constant, a larger electrode will result in lower 
dilution (due to a decrease in the current density). 
Within limits and with all else held constant, an 
increase in stickout results in greater I R heating.
The result of greater I^R heating is decreased dilution 
because of decreased energy reaching the base plate. A 
decrease in the travel speed can result in the arc 

heating the weld pool rather than melting the base 
plate. However, if all else is held constant, a 
decrease in travel speed results in increased heat 
input, which may result in more energy being available 
to melt more base plate. This and other research 
results indicate that since welding parameters are
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interrelated, a change in one parameter cannot be solely 
attributed to resultant changes in the deposit's 
microstructure.

Although microstructure determines the abrasion 
resistance of hardfacing deposits, it is difficult to 

predict the amount of change in abrasion resistance

which will result from a change in the microstr ucture.
In this study, it was necessary to use an abrasion test 
in order to quantify abrasion resistance. From this, 
changes in the microstructure, which result from changes 
in the welding parameters, could be directly compared to 
changes in the abrasion resistance. A low stress 
abrasion environment was created by using the dry 
sand/rubber wheel ASTM G65-80 standard test (49). This 
test consists of gravity feeding quartz sand between a 

rubber wheel and the test specimen. Other types of low 

stress abrasion tests have been used to evaluate 
abrasion resistant materials. These tests often involve 
dragging the test specimens across grit paper. These 
tests were vary dependant upon factors such as the force 
used on the test specimen, the size of grit, speed, 

duration of test, and whether new grit paper was
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supplied or if the sample transversed over worn grit. 
This ASTM test was developed in order to standardize and 
control as many variables as possible. While ASTM 
testing is incomplete, preliminary reports indicate that 
the dry sand/rubber wheel test often ranks material 
effectiveness in the same order as do field tests. 
However, more studies are needed in order to better

define the strengths and weaknesses of this test.
By examining changes in the microstructure, the 

effects of changing welding parameters on the low stress 
abrasion wear resistance of these chromium carbide 
hardfacing deposits could be better understood. Welding 
parameters were varied by manipulating current, 
potential, travel speed, and heat input (the stickout 
was held approximately constant). Microstructural 
changes resulted from changes in heat input, dilution, 
material losses from excessive spatter and/or arc 

volatilization, arc transfer mode, and the deposition 
ratio. The deposition ratio was defined, in this study, 
as the wire speed divided by the travel speed. This 
dimensionless parameter greatly influenced the 
hardfacing deposit's microstructure and its resulting 
wear resistance.
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The second test matrix used in this study showed 
that a parameter defined here as the material transfer 
efficiency was another important factor in determining 
the hardfacing deposit's low stress abrasion resistance. 
Material transfer efficiency was a parameter that 
indicated how much material was lost during the arc 

welding process due to spatter and arc volatilization.

As defined here, the material transfer efficiency was 
found by taking the actual bead reinforcement area 
divided by the theoretical maximum reinforcement area. 
The systematic study used to arrive at the following 
conclusions is presented in subsequent sections.

1) Low stress abrasion wear resistance of these
chromium carbide white iron type hardfacing deposits 
increased as dilution with the low alloy base plate 
decreased. Dilution was a function of both a) the 
amount of filler wire deposited onto the plate, and 
b) the amount of base plate melted and thus 
incorporated into the bead. A compromise, however, 

must be made between the best wear resistance 
possible and sufficient penetration to prevent 

spalling during service. Whereas the best wear
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resistance would be achieved by eliminating 
dilution, good penetration was achieved by 
sufficient melting into the base plate.

2) The deposition ratio was an important parameter in 
determining wear resistance. The deposition ratio, 
D, was defined as the wire speed divided by the

travel speed. An increase in the deposition ratio 
resulted in more filler metal being deposited onto 
the plate. If the amount of base plate melted 
remained the same, then the dilution would decrease. 
The result was an increase in low stress abrasion 
resistance.

3) An important parameter in determining low stress 

abrasion wear resistance was the material transfer 
efficiency. Material transfer efficiency was 

defined as the ratio between the actual amount of 
material deposited (represented by the area of the 
top portion of the bead) and the theoretical amount 
of material available for deposition (determined by 
multiplying the cross sectional area of the wire by 
the deposition ratio). For a given deposition ratio
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and heat input, the better the material transfer 
efficiencyf the better the wear resistance.

4) Globular type arc transfer resulted in good material 
transfer efficiency, and hence, better low stress 
abrasion resistance. Spray type arc transfer, 
however, resulted in poor material transfer 
efficiency (due to excessive spatter) which led to 

decreased abrasion resistance. At constant 
deposition ratio and heat input, spray type transfer 
was achieved by increasing the power. The higher 
power of the arc may be responsible for blowing the 
filler metal out of the weld pool, thus, helping to 
explain the lower material transfer efficiency 
observed.

5) Improved wear resistance was achieved as the volume 
fraction of carbides in the hardfacing deposit

increased.
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EXPERIMENTAL PROCEDURES

To study the effects of welding parameters on the 
microstructure, and thus the low stress abrasion 
resistance, two experimental test matrices were produced 

using typical chromium carbide type hardfacing deposits. 

The first test matrix was produced by making three sets 
of five welds at heat inputs of 1, 2, and 5 MJ/m (25,
50, and 125 KJ/in). The corresponding travel speeds, 
which were held constant within each heat input, were 6 , 
4, and 2 mm/s (15.2, 10.0, and 4.8 in/min). The second 
test matrix evaluated three sets of welds made at heat 
inputs of 1.5, 2.0, and 3.0 MJ/m (38, 50, and 76 KJ/in). 
In this second matrix, the deposition ratio (wire speed 

divided by travel speed) was controlled in order to 
ensure that each deposit used the same amount of filler 

material per unit length.
Both test matrices were produced by depositing the 

chromium carbide type hardfacing filler materials onto 
hot-rolled steel plate. The filler materials were 
7/64-inch (2.8 mm) diameter open arc flux cored wires. 
The hardfacing deposits were made using Hobart GMA
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automatic welding equipment, including a model AI-22 
wire feeder and torch, and a model RC500 constant 
potential DC power supply. Beads of hardfacing were 
deposited under conditions of direct current and reverse 
polarity (electrode positive). A drag angle of 90 
degrees was used. Current and voltage were recorded on 

a Hewlett Packard strip chart recorder. Average values 

were reported along with the recorded range.
To avoid contamination of the hardfacing deposits, 

the scale was removed from the AISI 1020 strip (A-36), 
base plate by sand blasting. Base plate dimensions of 
300 mm X 76 mm X 13 mm (12" X 3" X 1/2") were used for 

the first test matrix. These dimensions were changed to 
300 mm X 102 mm X 13 mm (12" X 4" X 1/2") for the second 
test matrix. In order to reduce excessive thermally 
generated stresses, preheat and interpass temperatures 
were maintained between 200C and 210C. An Omega 

thermocouple, with a surface probe, was used to monitor 
the surface temperature.

Each plate received two to seven single layer beads 
depending upon the width of the individual bead. In all 

cases, enough beads were deposited in order to ensure 
that at least one inch, as measured across the beads of
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deposit, was available for producing wear test 
specimens. Each bead overlapped the previous bead by 
50%. The base plate was restrained during welding by 
four bolts, which held the plate to a transite base.
The four bolts reduced plate warpage and allowed for 
electrical contact. Each completed plate was allowed to 
air cool with no post weld heat treatment.

Completed plates were sectioned so that two samples 
could be prepared for metallographic analysis (both 
macro and micro) and four samples could be used for wear 
testing. Conventional point counting was used to 
determine the volume percent of the microconstituents. 
The etchent used was saturated ferric chloride in 50%
HC1 and 50% water. The metallographic data was taken at 
the wear depth so that the microstructure could be 
directly compared to the wear resistance. Wear depth 
was determined by removing the minimum amount of 

material necessary to have a flat smooth surface.
Each set of four wear samples was ground and 

prepared for wear testing according to procedure A of 
ASTM standard G-65-80, (49) the "Standard Practice for 
Conducting Dry Sand/Rubber Wheel Abrasion Tests." In 
this low stress abrasion test, the samples are placed
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against a rubber wheel, with a force of 130 N (30 lbs), 
which turns at 200 rpm for 6000 revolutions. Meanwhile, 
a standardized silica sand is gravity fed to the 
sample-wheel interface. Although the standard 
recommends reporting results as a volume loss, weight 
loss was reported here because of the difficulty in 

determining the actual density in a non-homogeneous weld

nugget. When comparing these data to weight losses of 
other metal systems, differences in density must be 
considered. Due to porosity and cracks inherent in 
chromium carbide type hardfacing deposits, the wear 
tests could not be performed on a homogeneous surface, 
as would be ideal. Three samples from each test plate 
were wear tested parallel to and one sample from each 
plate was tested perpendicular to the welding direction. 

No significant variation in wear resistance was found 
for the different wear test directions. Chemical 

compositions at the depth of wear testing were 
determined for all experimental welds by using an arc 
emission spectrophotometer.
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RESULTS AND DISCUSSION

To increase the understanding of how welding 

parameters affect the abrasion resistance of typical

chromium carbide open arc hardfacing deposits, a 
systematic study was undertaken in which the welding 
parameters were varied. The resulting effects on the 
microstructure were related to the wear resistance. Two 
separate studies were conducted. In the first study, a 
test matrix of fifteen specimens was produced by varying 
three heat inputs (1, 2, and 5 Mj/m) (25, 50, and
125 KJ/in) for each of 5 specimens. Welds of constant
heat input were produced by holding travel speed 
constant. Thus, when the current (wire speed) was

increased, the amount of filler metal delivered to the
plate (the deposition ratio) also increased. Results 
strongly indicated that an increased deposition rate 
greatly increased both the volume fraction of carbides 
and the abrasion resistance. Based on results of the 
first study, a second was conducted in which the
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deposition ratio was controlled and not allowed to vary 
greatly. With approximately constant deposition ratios, 
any variation in weld nugget appearance or 
microstructure must result from changes in the current, 
voltage, heat input, or travel speed. Results of this 

test matrix indicated that with increased voltage, which 

led to spray type arc transfer, filler metal was lost.

Material losses were reported by a quantity termed the 
material transfer efficiency. An increase in the 
material transfer efficiency led to increased wear 
resistance. A decrease in the material transfer 
efficiency resulted in a corresponding decrease in 
carbide volume fraction and lower abrasion resistance.
A more detailed account of the results of each of these 

studies follows.
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Test matrix A

Chemical composition of the high chromium white 
iron filler wire used in the initial study is shown in 

Table 1. This table shows a significant amount of

molybdenum was also present. Molybdenum will act as a 
hardener and is often believed to be beneficial when 
added as an alloy to abrasion resistant metals. This 
chemical composition made a hypereutectic composition 
possible, and, indeed was achieved in a few of the 
deposits. Since this hardfacing material was 
predominantly iron, chromium, and carbon, the Fe-Cr-C 
liquidus ternary phase diagram (shown in Figure 2) 

should adequately predict the expected microstructures. 
The expected structures were : 1) the M^C^ carbide - 

austenite eutectic and, 2 ) upon dilution with the base 

plate, primary austenite dendrites separated by the 
eutectic.

Physical limitations of the welding equipment and 
the welding behavior of the filler wire confined the 
test matrix to the voltage-current region shown in
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Table 1
Nominal composition of the filler wire used in 
matrix A

Element % Composition

Cr 22.1
C 4.0
Mo 3-0
Mn 0.3
Si 0.3
Fe Bal
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Liquidus 

• Projection 7269 585
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6
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WEIGHT PERCENTAGE CHROMIUM

Figure 2. Fe-Cr-C ternary liquidus projection.
The chemical composition of the filler wire used 
in Matrix A (22% Cr, 4% C) was slightly hypereutectic.
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Figure 3. Figure 4 shows the actual test matrix used in 
the initial study. To conduct the study, five specimens 
were made at three heat inputs of 1, 2, and 5 MJ/m (25, 
50, and 125 KJ/in). Travel speeds of the five specimens 
made at each heat input were also held constant.
Moreover the respective travel speeds were 6 , 4, and 

2 mm/s (15.2, 10.0, and 4.8 in/min). A summary of each

test specimen's welding parameters is given in Table 2.
A macroscopic analysis was conducted in order to 

examine : 1 ) the possible effects of welding parameters 
on this chromium carbide white iron hardfacing deposit's 
bead area, 2 ) excessive spatter and/or porosity, and
3) contact angle (an indication of spelling 
susceptibility)• Following the macroscopic analysis, a 
microscopic analysis was undertaken in order to examine 
the possible effects of the welding parameters on the 

microstructure. Finally, since microstructure 
determines the wear resistance of a hardfacing deposit, 
an analysis of how these deposits respond to a low 
stress abrasion environment was examined and related 
both directly to the microstructure and to the welding 
parameters used to generate the microstructure.
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Table 2
Summary of the welding parameters used to 
produce the test specimens of test matrix A

Sample s Current Volts H.I.
mm/s (A) (V) MJ/m

1 6 .4 -tr O CO ± XA 
1—1 1—1 18 ± 6 1.2

2 6 .4 349 ± 80 19 ± 6 1.0
3 6 .4 323 ± 90 19 ± 4 1.0
4 6 .4 304 ± 90 21 ± 6 1.0
5 6 .4 249 ± 100 26 ± 4 1.0

6 4.3 404 ± 90 21 ± 6 2.0
7 4.3 CO ± 90 24 ± 6 2.0
8 4.3 332 ± 100 26 ± 4 2.0
9 4.3 301 ± 100 28 ± 4 2.0

10 4.3 254 ± 100 34 ± 8 2.0

11 2.1 393 ± 0 0 1—1 26 ± 3 5.0
12 2.1 34? ± 100 30 ± 6 4.9
13 2.1 329 ± 125 31 ± 4 5.0
14 2.1 303 ± 125 34 ± 4 5.0
15 2.1 258 ± 0 0 1—1 41 ± 4 5.1
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MACROSCOPIC ANALYSIS

Photographs of representative test specimens and 
their corresponding locations in the test matrix are 
shown in Figure 5. Several observations can be made 

from the appearance of these plates. As with many

welding operations, when the voltage was increased the 
width of the bead was observed to increase. With this 
filler wire, increased voltage resulted in increased 
spatter. Figure 6 shows the transverse cross-sections 
and their relationship to the test matrix shown in 
Figure 4. At constant heat input, it was apparent that 
as current increased so did the size and height of the 
bead. Since current was increased by increasing the 

wire speed, (with travel speed held constant), an 
increase in current also resulted in an increased amount 
of material deposited. Material deposited is determined 
by measuring the cross-sectional bead area, shown as a 
function of current in Figure 7.

Also observed from the bead cross-sections of 
Figure 6 is that high values of current tend to produce 
deposits with severe bead undercutting. The degree of
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200
M A T R I X  A 
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2 0 0  3 0 0  4 0 0

CURRENT (AMPS)

Figure 7. Cross-sectional area per bead, as a 
function of current, for test matrix A.
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bead undercutting, defined as the contact angle between 
the bead and the base plate, was found to vary linearly 
with current, as shown in Figure 8 . No apparent 
sensitivity to the heat input is evident. Undercutting, 
and the associated tendency for the bead to spall off 
the base plate, increased as the contact angle 

decreased. These results are consistant with

observations made by Thorpe (33), who has suggested that 
there exists a maximum ratio of current to voltage which 
will prevent discontinuous penetration and subsequent 
spalling. Although data currently does not exist to 
establish a minimum contact angle, it seems unlikely 
that deposits with contact angles of less than about 
60 degrees would sufficiently adhere to provide adaquate 
performance.

MICROSCOPIC ANALYSIS

Microstructures of the hardfacing weld deposits 
were observed to vary with depth, indicating that 
complete weld pool stirring was not achieved. Care was 
thus taken to metallographically examine each deposit at 
the same depth subjected later to the wear testing.
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Figure 8. Contact angle, indicating increased 
spelling tendency, as a function of current 
(matrix A ) .
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Representative microstructures and their positions in 
the test matrix are shown in Figure 9. From Figure 9, 
several observations can be made. Specimen numbers 5 
and 15 are both low current welds, deposited at heat 
inputs of 1 and 5 MJ/m (25 and 125 KJ/in) respectively. 
The predominant microconstituents were primary austenite 

dendrites (gray phase) surrounded by the -

austenite eutectic. Effects of heat input in coarsening 
the microstructure is clearly evident ; the primary 
austenite dendrites in specimen number 15 (5 MJ/m)
(125 KJ/in) are several times larger than the dendrites 
in specimen number 5 (1 MJ/m) (25 KJ/in).

Effects of increased current (which in effect 
increased the amount of material deposited) can be seen 
in Figure 9. Specimen numbers 15, 13, and 11 (in order 

of increasing current) were all deposited at a heat 
input of 5 MJ/m (125 KJ/in). Specimen number 13, though 

still a hypoeutectic microstructure, contains a 

significantly larger fraction of eutectic than does 

specimen number 15. With yet higher current (thus more 
material deposited) a hypereutectic microstructure was 
obtained, as seen in specimen number 11. This 
hypereutectic microstructure consisted of large primary
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carbides in the austenite-eutectic matrix.
Primary carbide formation was aided by the slower 

cooling rates whicn resulted from a high heat input. If 
specimen number 1 , whicn was deposited at a low heat 
input (1 MJ/m) (25 KJ/in), is compared to the 
corresponding high heat input specimen, specimen number 
11, (5 MJ/m) (125 MJ/in), the effect of heat input on

coarsening the microstructure is clearly evident 
(Figure 9). Although sample number 1 was slightly 
hypereutectic, very few primary carbides were present. 
Furthermore, because these carbides are so fine, it was 
difficult to distinguish them from the carbides 
comprising the eutectic microconstituent.

Fractional analysis of the major microstructural 
constituents in each deposit was made by conventional 

point counting techniques. By studying these data, 
which are summarized in Table 3, several trends were 

observed. Microstructural analysis revealed 
surprisingly few primary carbides in these deposits. 
Specifically, at the depth of wear testing, specimen 
number 11 contained 17% primary M^C^ carbides. Traces 
of primary carbides could be found in specimen number 1 . 
Multi-pass beads, however, would contain more primary
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Table 3
Microconstituent analysis of the specimens 
produced in test matrix A

Sample % Primary % Primary % Eutectic Total
Y MyC^ # Carbides

1 0 Trace 100 37
2 44 0 56 21
3 38 0 62 23
4 60 0 4o 15
5 65 0 35 13

6 18 0 82 30
7 53 0 47 17
8 55 0 45 17
9 54 0 46 17

10 77 0 23 9

11 0 17 83 48
12 48 0 52 19
13 44 0 56 21
14 47 0 53 20
15 77 0 23 9
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carbides because dilution with this low carbon and low 
chromium (A-36) base plate would be greatly reduced. As 
shown in Figure 10, a non linear correlation existed 

between current and the volume fraction of carbides. 
Furthermore, Figure 10 indicated that the amount of 
carbides was not a function of heat input, but must have 

been determined by other factors, such as current and

dilution. Figure 11 shows that a linear correlation 
existed between current and dilution. Recall that with 
this matrix, an increase in current corresponded to an 
increased deposition ratio. Furthermore, by increasing 
current, the voltage was lowered, resulting in less 
metal lost due to spatter. Thus, the total amount of 
eutectic and hypereutectic microconstituent was 
determined by the amount of material deposited. The 

amount of filler material deposited can be obtained by 
measuring the top part, or reinforcement, of the weld 

bead.
A weld bead is comprised of two areas : 1) the area 

representing the melted base plate and 2 ) the area 
representing the filler metal added to the plate, which 
is called the "reinforcement." Generally, the amount of 
base plate melted is determined by the heat input, or.
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of current, for test matrix A.
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more specifically, the heat flux. However, depending 
upon the parameters used, this relationship may not 
always be true. The second area comprising the weld 
bead, the reinforcement, is a function of the amount of 
material deposited, i.e. the deposition ratio times the 
cross-sectional area of the wire minus any loss of metal 
due to spatter and/or arc volatilization. If both the 

amount of base metal melted and the amount of filler 
metal lost due to either spatter and/or arc 
volatilization were held constant, then, as the amount 
of filler metal deposited was increased, the effective 
dilution decreased. Thus, if the deposition ratio 
increased, then more chromium and carbon were available 
to form carbides.

LOW STRESS ABRASIVE WEAR RESISTANCE ANALYSIS

Each test specimen was subjected to dry sand/rubber 
wheel low stress abrasion wear testing. A total of four 
wear coupons from each specimen were tested. While two 
test orientations were studied (perpendicular and 
parallel to the bead), no discernible difference in wear 
rates was found between these two test orientations.
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Table 4 summarizes the low stress abrasion weight loss 
data collected for each specimen.

Low stress abrasion resistance, as indicated by a 
reduction in weight loss during the standard abrasion 
tests, was found to strongly depend upon the volume 
percent of carbides present in the microstructure. As 
shown in Figure 12, the average weight loss for each

test specimen was plotted against the corresponding 
volume fraction of carbides. The eutectic 
microconstituent was calculated to contain approximately 
37% carbides, according to Maratary et al. (36) It is 
apparent that low stress abrasion resistance, as 
indicated by low weight loss, improved considerably by 
increasing the volume fraction of carbide and by 
increasing heat input. Higher heat inputs resulted in 

slower solidification, which in turn resulted in 
increased microstructural coarseness.

Although, apparently due to an increased 
coarseness, heat input was important in its effect on 

low stress abrasion resistance, the amount of material 
deposited was also an important, controlling parameter. 
Figure 13 shows that the low stress abrasion resistance 
was a function of the dimensionless parameter defined as
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Table 4
Low stress abrasion weight loss data of the 
specimens produced in test matrix A

Sample Avg. Weight
Loss (G)

1 0.46
2 0.61
3 0.62
4 0.66
5 0.85

6 0.38
7 0.49
8 0.46
9 0.50

10 0.76

11 0.15
12 0.19
13 0.25
14 0.33
15 0.59
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Figure 12. The test specimens' average low stress 
abrasion weight loss, as a function of carbide 
volume percent, for test matrix A.
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Figure 13. The (matrix A) test specimens' average 
low stress abrasion weight loss as a function of 
the deposition ratio (wire speed / travel speed).
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the deposition ratio (wire speed divided by travel 
speed). As shown earlier, this parameter is 
proportional to the volume of bead laid down per unit 

length of plate. When the deposition ratio increased, 
resistance to abrasive wear also increased. Since welds 
were made at constant heat imput and travel speed, then 
as current was increased, the voltage had to be 

correspondingly decreased. A decrease in voltage 
decreased both spatter and penetration. As a result, an 
increased deposition ratio at fixed heat input yielded 
decreased dilution, which correspondingly yielded a more 
wear resistant deposit, as indicated in Figure 14.

Figure 14 shows that for the same amount of 
dilution, and thus the same potential for the deposit to 
develop carbides, wear resistance increased with 

increased heat input. Again, however, this data does 

not conclusively prove that a coarse microstructure 
resists low stress abrasion better than a fine 
microstructure. There are other possible explanations 
which may account for the observed heat input effect. 
First, the faster cooling rates of the lower heat inputs 
may result in insufficient time for the chromium to form 
carbides. This would result in chromium being trapped
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Figure 14. The test specimens' average low stress 
abrasion weight loss as a function of the deposits' 
dilution with the base plate (matrix A ) .
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in the retained austenite. Furthermore, recalling that 
incomplete bead stirring was observed, a change in heat 
input may result in a different distribution of carbides 
within the weld bead. Since microstructural analysis 
was performed at the wear depth, a higher or lower 
concentration of carbides elsewhere in the bead would 
not be indicated in either Figure 12 or in Figure 14.

Although heat input appears to have an effect on these 
hardfacing deposits ability to resist low stress 
abrasion, the exact cause for this change could not be 
contributed solely to a coarser microstructure.

As a summary of the large change in abrasion 
resistance observed over the range of this test matrix, 
weight loss contours are imposed over the test regime 
(Figure 15). Since such a large variation in abrasion 
resistance resulted from changing welding parameters, 
the importance of controlling and understanding the 

welding process becomes apparent. Low stress abrasion 
resistance increased as the deposition ratio increased. 
This was achieved by increased current (increased wire 
speed) and by increased heat input (decreased travel 

speed).
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TEST MATRIX B

In both studies, a chromium carbide white iron open 
arc flux cored 7/64-inch (2 . 8  mm) diameter wire was used 
as the hardfacing filler wire. However, in the second 
study, the nominal chemical composition was leaner in 

chromium, carbon, and molybdenum, as shown in Table 5. 
Unlike welds in the first test matrix, welds in the 
second one were made with the deposition ratio held 
approximately constant. To hold the deposition ratio 
constant, as wire speed, (and thus current) increased, 
the travel speed must be decreased. Curves like those 
in Figure 16 depict welds made at constant heat input 
and constant deposition ratio. Figure 16 shows that 

this test matrix consisted of a total of 13 test 

specimens welded at three heat inputs of 1.5, 2.0, and 
3.0 MJ/m (38, 50, and 76 KJ/in). Table 6 summarizes 

each test specimen's welding parameters.
Since the deposition ratio was not allowed to vary 

greatly, changes in bead area, dilution, 
microconstituent morphology, and wear resistance can be 
directly attributed to changes in welding parameters
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Table 5
Nominal composition of the filler wire used in 
matrix B

Element % Composition

Cr 26.3
C 3.6
Mn 1.9
Si 0.9
Fe Bal
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Table 6
Summary of the welding parameters used to 
produce the test specimens of test matrix B

Sample s Current Volts H.I.
mm/s (A) (V) MJ/m

1 4 . 7 00ON(XI ± 1 2 5 24 ± 1 0 1 . 5
2 6.2 3 4 0 ± 125 28 ± 6 1 . 5
3 7.8 383 ± 1 2 5 3 2 ± 4 1 . 5
4 9 . 7 429 ± 125 3 5 ± 6 1 . 5
5 1 1 . 5 492 ± 1 0 0 3 7 ± 6 1 . 5

6 2 . 7 242 ± 1 7 5 2 3 ± 1 0 2.0
7 5 - 1 3 1 1 ± 1 0 0 3 3 ± 6 2.0
8 7 . 0 365 ± 1 5 0 4 1 ± 6 2 . 1
9 8.9 425 ± 125 4 4 ± 4 2 . 1

10 2.2 230 ± 150 29 ± 6 3.0
11 2.7 252 ± 125 34 ± 4 3.1
12 3.5 278 ± 100 40 ± 6 3.1
13 4.3 309 ± 100 46 ± 4 3.2
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such as current, voltage, and heat input. Stickout was
kept relatively small and relatively constant in order

2to reduce the effects of I R heating. Figure 17 shows 
that a relatively small variation of stickout does not 
strongly correlate with the wear resistance of this 
hardfacing white iron. However, more work is needed in 
this area to better evaluate the effects of large 
variations in stickout.

A macroscopic analysis was undertaken in order to 
examine possible effects of welding parameters on:
1 ) the deposit's bead area, 2 ) excessive spatter and/or 
porosity, and 3) contact angle (an indication of 
spalling susceptibility). Following the macroscopic 
analysis, a microscopic analysis was undertaken in order 
to examine the possible effects of the welding 
parameters on the microstructure. Finally, since 

microstructure determines the wear resistance of a 

hardfacing deposit, an analysis of how these deposits 
respond to a low stress abrasion environment was 
examined and related both directly to the microstructure 
and to the welding parameters used to generate the 
microstructure.
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MACROSCOPIC ANALYSIS

Photographs of representative test specimens and 
their corresponding locations in the test matrix are 
shown in Figure 18. Examination of these photographs 
shows that as the voltage increased, both the width of 
the bead and the spatter increased. In both test 
matrices it was observed that when voltage increased, 
spatter increased.

Figure 19 shows the transverse cross-sections of 
the same plates seen in Figure 18. None of these 
samples have severe undercuts at the bead-base plate 
interface. Consequently, spelling would not be expected 
with any of the welds made with the welding parameters 
used in this study. Furthermore, Figure 19 also 
indicates that, at a fixed heat input, increases in 

current or voltage cause a corresponding decrease in the 
cross sectional bead area. Recall that the weld bead 
areas are determined by two factors: 1 ) the amount of 
base plate melted, and 2 ) the amount of electrode wire 
transferred across the arc and onto the plate. Since 
the deposition ratio and the heat input of the samples
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were both held approximately constant, the decrease in 
the bead reinforcement (top part of the bead) indicated 
a loss in the volume of material successfully 

transferred across the arc.
The theoretical reinforcement, measured as volume 

per unit length, was a function of only two variables, 

the deposition ratio and the cross-sectional area of the

filler wire. The theoretical cross-sectional bead area 
was equal to the deposition ratio multiplied by the 
cross sectional area of the filler wire. For example, 
if the deposition ratio of a 2.8 mm (7/64-inch) diameter 
wire was 7.0, then the theoretical reinforcement area 
was equal to: 6.06 X 7.0 = 42mm2 . If the observed 
reinforcement bead area was less than this value, then 
some type of loss had occurred.

Differences between the amount of available metal 
to be deposited and the amount actually deposited was 

attributed to a combination of three factors : 1 ) the 

wire used in this study was flux cored, thus, not fully 
dense as suggested by the above use of its nominal 

diameter size, 2 ) metal spattered away from the bead, 
and 3) metal lost to the atmosphere by arc 
volatilization (either by oxidation or deliberate
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formation of a protective arc shielding gas), Table 7 
lists the dilution and the material transfer 

efficiencies for all of the test specimens made in this 
test matrix. Since the measured material transfer 
efficiency of sample number 1 0 was greater than 1 .0 , it 
must be either an anomaly or an indication that the 

actual deposition ratio was higher than believed. Thus, 

this sample was not used in further analysis.

MICROSCOPIC ANALYSIS

As with the results found in test matrix A, the 
microstructure of the hardfacing deposits varied greatly 
with depth, again indicating that complete weld pool 
stirring was not achieved. Care was again taken to 
ensure that metallographic examination of the deposits 
corresponded to the same depth subjected to wear 
testing. The microstructures reported correspond to 
those subjected to wear testing. Some representative 
microstructures and their positions in the test matrix 
are shown in Figure 20. Although Figure 20 shows that 
as heat input was increased, the microstructure was 
slightly coarsened. Apparently, the change in heat
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Dilution and material transfer efficiencies 
of the specimens produced with test matrix B

Table ?

Sample Dilution Material Transfer 
(%) Efficiencies

1 37 0.81
2  50 0 . 6 1
3  5 0  0 . 6 3
4  5 4  0 . 5 7
5  6 4  0.56

6  3 5  0 . 9 3
7 4 5  0.76
8  47 0.66
9  62 0 . 5 1

10 22 1.15
11 34 0.82
1 2  4 1  0 . 7 9
1 3  5 5  0 . 6 4
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input was not sufficient to cause a large change in the 
structures coarseness.

The dominant microconstituents were primary 
austinite dendrites (gray phase) surrounded by the M 7C 3 

- austenite eutectic. At the wear depth, only one 
specimen, specimen number 1 0 , contained primary 

carbides held in a matrix of - autenite eutectic.

Fractional analysis of the major microstructural 
constituents in each deposit was made using conventional 
point counting techniques. These data are summarized in 
Table 8 .

ARC TRANSFER MODE

As expected, the observed transfer mode was 

globular for the low current, low voltage specimens. As 
the current and voltage were increased, the transfer 
mode changed to became spray for the high current and 
high voltage specimens. Generally, as the voltage and 
current were raised, the transfer mode tended from 
gobular to spray. Changing the arc transfer mode 
influenced the ability of the arc to transfer filler 
wire metal onto the plate without excessive spatter
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Table 8
Microconstituent analysis of the specimens 
produced in test matrix B

Sample % Primary % Primary % Eutectic Total
Y ^ Carbides

1 34 0 66 24
2 51 0 49 18
3 60 0 40 15
4 68 0 32 12
5 81 0 19 7

6 22 0 78 29
7 52 0 49 18
8 70 0 30 11
9 83 0 17 6

10 0 3 97 39
11 38 0 62 23
12 63 0 37 14
13 78 0 22 8
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and/or arc volatilization. Figure 21 shows the material 
transfer efficiency term plotted against current. As 
current (and thus voltage) increased, the arc transfer 

mode tends from globular to spray.
A measure of the efficiency of filler wire transfer 

was obtained by dividing the actual measured 

reinforcement area by the theoretical reinforcement 
area. Perfect efficiency is represented by a factor of 
1.0. Therefore, as filler metal was lost due to spatter 
and/or arc volatilization, the net dilution increased. 
Recall that dilution is defined as the area of the 
melted base metal divided by the area of the whole bead 
area (i.e. the melted base metal area plus the area of 
the reinforcement)• If high spatter occurs, due to the 
welding parameters used, then less filler material was 
successfully transferred to the bead. Thus, the result 
was a proportional increase in the amount of melted base 

metal compared to the amount of filler wire. Figure 21 
shows that as the current increased, the material 
transfer efficiency decreased. It is thus reasonable to 
assume that dilution increased as current (and thus 
voltage) increased. If dilution were increased, then 
the volume percent of carbides should decrease.
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Figure 22 shows that this relationship did, in fact, 
hold true. Since an increase in current corresponded to 
an increase in voltage, any trend seen with current will 
also be seen with voltage. Although it would be 
redundant to repeat all of the above analysis using 
voltage in place of current, it is of special interest 

to consider the effects of voltage on the arc transfer 

mode.
Voltage is often considered largely responsible for 

the arc transfer mode observed. Generally, as the 
voltage increased the arc transfer mode tended from 
globular to spray. Since, as shown in Figure 23, the 
material transfer efficiency decreased with increased 
voltage, it is evident that filler metal was lost (due 
to spatter and/or arc volatilization) as spray type mode 

was approached. A heat input effect is now seen, 
showing that for a given voltage, an increase in heat 

input resulted in an increased amount of filler metal 
successfully transferred across the gap and to the bead.

As analysized below, both the arc transfer mode and 
the material transfer efficiency strongly affected the 
hardfacing deposits ability to resist abrasion.
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LOW STRESS ABRASIVE WEAR RESISTANCE ANALYSIS

These specimens, as with the first study, were 
subjected to low stress abrasion wear tests according to 
the dry sand/rubber wheel abrasion test ASTM G-65-80 

standard specification (49)• Again, no discernible 

difference in wear rates was found between wear tests 
run parallel to and perpendicular to the bead. Table 9 
summarizes the low stress weight loss data collected for 
this test matrix.

Affecting the abrasion resistance of these samples 
was the ability to successfully transfer the filler 
metal onto the base plate. A linear correlation 
(Figure 24) was found between the material transfer 
efficiency and the dry sand/rubber wheel low stress 
abrasion resistance. No dependence of wear resistance 
on heat input was evident. This lack of heat input 
dependence was unexpected, especially since the first 
study showed that wear resistance increased 
substantially with increased heat input (see Figure 12).

Recall, however, that the microstructure of this 
study (Figure 20) did not show considerable coarsening
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Table 9
Low stress abrasion weight loss data of the 
specimens produced in test matrix B

Sample Avg. Weight
Loss (G)

1 0.73
2 0.85
3 0.90
4 1.09
5 1.12

6 0.59
7 0.83
8 1.19
9 1.23

10 0.42
11 0.59
12 0.88
13 1.03
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M A T R I X  B 

•  1.5 MJ/m 
A 2.0 MJ/m 

■ 3 0  MJ/m

0.4

0 4  0 .6  0.8 1.0

MATERIAL TRANSFER EFFICIENCY

Figure 24. The test specimens' average low stress
abrasion weight loss as a function of the deposits'
material transfer efficiency (matrix B ) .
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with increased heat input. As already discussed, a 
possibility exists that the difference in the heat 
inputs was not enough to cause a significant change in 
the microstructure's coarseness. Thus, due to the 
relatively small change in heat input and associated 
microstructural coarsening, it was possible that the 
heat input dependence was lost in the experimental 

scatter associated with this type of abrasion test.
If weight losses are compared to the welding 

current, then an effect of the heat input can be seen 
(Figure 25). This figure appears to show that abrasion 
resistance was increased by 1 ) decreasing current, and 
2) increasing heat input. However, current in itself 
does not control a hardfacing deposit's ability to 
resist abrasion. Thus, the trends seen in this plot 

must have come about by the manner in which the test 
matrix was produced. In this matrix, as current was 

increased, so was the voltage. Either the current or 

the voltage can be used as a rough map of the arc 
transfer mode. As current and voltage were increased, 
(and thus power was increased) the arc transfer mode 
tended from globular to spray. As already shown in 
Figure 23, the material transfer efficiency decreased as
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voltage increased. Figure 23 also shows that the lower 
the heat input, the poorer the material transfer 
efficiency.

Wear depth chemical analysis of the test specimens 
showed the same strong dilution dependence that was 
observed in the first study. Âs expected, less chromium 
and carbon was found in the deposits as dilution 
increased. Since a decrease in the chromium and carbon 

content resulted in a decreased volume percent of the 
abrasion resistant carbides, it was expected that
the abrasion resistance of these deposits would fall 
with increased dilution. A linear correlation was in 

fact observed between the abrasion resistance of the 
test specimens and their chromium and carbon content, as 
shown in Figures 26 and 27. From these plots, the 

importance of the chromium and the carbon content on the 
abrasion resistance becomes obvious. Since the nominal 

composition of the wire was fixed, the only way the 
chromium and the carbon content of the deposit could be 
increased was by reducing dilution.

Abrasion resistance was found to be a linear 
function of dilution, as shown in Figure 28. An 
increase in dilution of only 1 0 % resulted in almost 0 . 2
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4
M A T R I X  B

A 2.0 MJ/m 
■ 3 0  MJ/m

.0

0.6

0.2
25

WEIGHT % CHROMIUM

Figure 26. The test specimens' average low stress
abrasion weight loss, as a function of the deposits'
chromium content, for test matrix B.



AV
G.

 
W

EI
GH

T 
LO

SS
 

(G
)

T-2663 81

M A T R I X  B 

•  1.5 MJ/m 
a 2 0 MJ/m 

■ 3.0 MJ/m

0.6

0.2
53 42

WEIGHT % CARBON

Figure 27. The test specimens' average low stress
abrasion weight loss, as a function of the deposits'
carbon content, for test matrix B .
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4
M A T R I X  B 

•  1.5 MJ/m 
A 2 0 MJ/m 
■ 3.0 MJ/m2

0.8

0.6

5040

% DILUTION

Figure 28. The test specimens' average low stress
abrasion weight loss, as a function of the deposits'
dilution with the base plate, for test matrix B.
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more grams being lost during the standard low stress 
abrasion test used in this study. In order to increase 
abrasion resistance, thus, dilution must be minimized. 
However, a compromise must be reached so that enough 
penetration occurs in order to ensure that spelling does 
not become a problem. Since an increase in penetration 

results in an increase in dilution, a maximization of

wear resistance via complete elimination of dilution was 
unreasonable. Still, a reduction of excessive dilution 
would be desirable.

Dilution was minimized by controlling two aspects 
of the welding process : 1 ) the amount of low alloy base 
metal melted, and 2 ) the amount of filler metal 
spattered and/or volatilized away. Recall that 
Figure 24, showing weight loss versus the deposits' 
material transfer efficiency, indicated the strong 
effects of these filler metal losses. Increased base 

plate dilution resulted in decreased amounts of carbide 

formers present in the bead (Figure 26 and 27).
Figure 29 shows that a strong, linear, dependence of 
wear resistance to the amount of carbides in the
hardfacing deposits was present. Figure 30 shows that a 
strong dependence exists between the amount of
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4
1.5 MJ/m
2.0 MJ/m
3.0 MJ/m _

M A T R I X  B

0.2
0 10 2 0  3 0  4 0  50

% CARBIDES

Figure 29. The test specimens' average low stress
abrasion weight loss, as a function of the carbide
volume percent, for test matrix B .
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50
1.5 MJ/m 
2.0 MJ/m 
3 0 MJ/m

40 M A T R I X  B

30

20

30 6 020 50

% DILUTION

Figure 30. The test specimens' total volume
percent carbide, as a function of the deposits'
dilution with the base plate, for test matrix B.
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carbides present in the microstructure and the amount of 
dilution which has occurred with the low alloy base 
plate. The low stress abrasion resistance of these 
deposits, thus, was found to be strongly dependent upon 
the amount of carbides present in the microstructure. 
Furthermore, this was seen to be strongly dependent upon 
the amount of base plate dilution. Since dilution was

controlled by the welding parameters used, the abrasion 
resistance of these deposits will also be strongly 
dependent upon the operating parameters used.

As a summary of the large change in abrasion 
resistance observed over the range of this test matrix, 
weight loss contours are imposed over the test regime 
(Figure 31). Since such a large variation in abrasion 
resistance resulted from changing the welding 
parameters, the importance of controlling and 
understanding the welding process becomes apparent. Not 

only is the cost of abrasion high, but when considering 
that the cost and strategic importance of chromium is 
also high, the need to properly understand and choose 
the correct welding parameters to maximize effectiveness 
becomes obvious.
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CONCLUSIONS

1) Low stress abrasion wear resistance of chromium 
carbide white iron type hardfacing deposits 
increased as dilution with the low alloy base plate 
decreased. Dilution was a function of both a) the 
amount of filler wire deposited onto the plate, and 
b) the amount of base plate melted and thus 
incorporated into the bead. A compromise, however, 
must be made between the best wear resistance 
possible and sufficient penetration to prevent
spalling during service. Whereas the best wear 
resistance would be achieved by eliminating 
dilution, good penetration was achieved by 
sufficient melting into the base plate.

2) The deposition ratio was an important parameter in 
determining wear resistance. The deposition ratio, 
D, was defined as the wire speed divided by the 
travel speed. An increase in the deposition ratio 
resulted in more filler metal being deposited onto
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the plate. If the amount of base plate melted 
remained the same, then the dilution would decrease. 
The result was an increase in low stress abrasion 

resistance.

3) An important parameter in determining low stress 

abrasion wear resistance was the material transfer

efficiency. Material transfer efficiency was 
defined as the ratio between the actual amount of 
material deposited (represented by the area of the 
top portion of the bead) and the theoretical amount 
of material available for deposition (determined by 
multiplying the cross sectional area of the wire by 
the deposition ratio). For a given deposition ratio 
and heat input, the better the material transfer 

efficiency, the better the wear resistance.

4) Globular type arc transfer resulted in good material 
transfer efficiency, and hence, better low stress 
abrasion resistance. Spray type arc transfer, 
however, resulted in poor material transfer 
efficiency (due to excessive spatter) which led to 
decreased abrasion resistance. At constant
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deposition ratio and heat input, spray type arc 
transfer was achieved by increasing the power. The 
higher power of the arc may be responsible for 
blowing the filler metal out of the weld pool, thus 
helping to explain the lower material transfer 
efficency.

5) Improved wear resistance was achieved as the volume 
fraction of carbides in the hardfacing deposit
increased.
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