Die Soldering: Mechanism of the Interface Reaction between

Molten Aluminum Alloy and Tool Steel

SUMANTH SHANKAR and DIRAN APELIAN

Die soldering is the result when molten aluminum sticks to the surface of the die material and remains
there after the gjection of the part; it results in considerable economic and production losses in the
casting industry, and is a major quality detractor. In order to alleviate or mitigate die soldering, one
must have a thorough understanding of the mechanism by which the aluminum sticks to the die
material. A key question is whether the die soldering reaction is diffusion controlled or interface
controlled. A set of diffusion couple experiments between molten aluminum alloy and the ferrous
die was carried out. The results of the diffusion couple experiments showed that soldering is a
diffusional process. When aluminum comes in contact with the ferrous die material, the iron and the
aluminum atoms diffuse into each other resulting in the formation of a series of intermetallic phases
over the die material. Initialy iron and aluminum react with each other to form binary iron-aluminum
intermetallic phases. Subsequently, these phases react with the molten aluminum to further form
ternary iron-aluminum-silicon intermetallic phases. Iron and aluminum have a great affinity for each
other and the root cause of die soldering is the high reaction kinetics, which exists between iron and
aluminum. Once the initial binary and ternary intermetalic phase layers are formed over the die
material, the aluminum sticks to the die due to the abnormally low therma conductivity of the
intermetallic phases, and due to favorable interface energies between the intermetallic layers and
aluminum. The experimental details, the results of the interface reactions, and the analysis leading

to the establishment of the mechanism giving rise to die soldering are reviewed discussed.

[. INTRODUCTION

DiE soldering, or die sticking, is a casting defect in
which molten metal “welds’ to the surface of the metallic
die mold during the casting process. The defect is prevalent
in aluminum die casting and permanent mold-casting indus-
tries. The cast-aluminum alloy sticks to the tool steel-die
material and remains there even after gjection of the casting.
Subsequent casting suffer from dimensional and surface fin-
ish issues; die soldering is a quality detractor. As aremedial
measure, the casting operation is stopped to repair or replace
the die. Previous work!™=19 has not alleviated the problem,
and theissue of die soldering remains to be a serious detrac-
tor in the casting industry.

Die soldering isthe result of an interface reaction between
the molten aluminum and the die material. Aluminum 380
alloy and H-13 die steel are the most prevalent melt and
die material used in aluminum die casting. Figure 1 is an
illustration of the harsh environment that is present during
the die casting process. The molten metal is shot in through
the gate of thedie at high pressures, temperatures, and veloci-
ties. The casting cycles are generally less than 1 minute.
Hence, the die surface is subjected to repeated shots of
auminum melt resulting is excessive wear. This results in
damages to the die surface coating and the lubricant. Subse-
quently, the steel surface of the die comes in contact with
the aluminum melt. The aluminum attacks the weak regions
in the steel microstructure, and erosion pits form. The iron
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from the steel diffuses into the aluminum melt resulting in
the formation of intermediate layers of binary Fe-Al and
ternary Fe-Al-Si phases. Once these phases consolidate and
prevent further aluminum-steel contact, the aluminum sticks
to them and resultsin soldering. Figure 2 shows a schematic
of the cross section of a soldered die steel-aluminum
interface.

Theaim of thispublication isto establish amechanism for
die soldering. The microstructural features of the soldering
interface are reviewed and discussed. The variousintermedi-
ate compounds found in the soldering microstructure are
identified through scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), and X-ray
diffraction techniques. Moreover, the analysis presented here
gives an understanding of the nature and kinetics of the
growth of theintermediate compounds, which extend beyond
the soldered layer. The results of the experiments clearly
indicate that soldering is a diffusion-driven reaction—the
iron diffusing out of the tool steel into the molten aluminum
and forming the intermediate layers. The role of the various
different alloying elements in molten aluminum during sol-
dering has aso been investigated and analyzed.

[I. BACKGROUND

Extensive metallographic analysis of soldered interfaces
between aluminum and H-13 tool steel diewas performed.[*4
Samples were obtained from commercial die casters® with

* Cambridge Toolsand Manufacturing, Burlington, MA; GM-Powertrain,
Bedford, IN; Lester Precision Die Casting, Solon, OH; and Madison-Kipp,
Madison WI.

full documentation on the samples. These examinations
revealed the existence of a series of intermediate phases
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Fig. 1—Schematic diagram of the harsh process environment that exists
during die casting leading to die soldering.
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Fig. 2—Schematic of a typical die soldering cross section, showing the
intermediate layers, soldered aluminum, and spalled intermetallic floats

between the surface of the tool steel and the soldered alumi-
num. The results revealed quite an interesting feature in
die soldering; irrespective of the process conditions (time,
temperature, and die surface area), there was a consistent
specificratio of 1:5 between the thickness of theintermediate
layer and that of the total soldered layer.*? Even though
this ratio remained constant, the nature and thickness of the
intermediate layers did change when the die material or the
aluminum aloy composition changed.*¥ Thus, the role of
theintermediate layersformed during die solderingiscritical
in establishing the overall mechanism. A critical literature
search was carried out focusing on the compositional effects
of the aluminum melt and die and the thermodynamics and
kinetics of die soldering.

Hot-dip aluminizing of steel is a process where the goal
is to have the aluminum stick to the steel strip substrate.
Our initial studied™ indicated that the nature and thickness
of the intermediate phases formed in asoldered cross section
was similar to that formed during aluminizing of steel. Thus,
it will be relevant to review the literature on aluminizing of
steel as it will shed insight into the die soldering process.
Several researchers'-2%l have observed and established the
nature of these intermediate layers along with their growth
kinetics. There are two methods to aluminize a steel sheet.
Type 1 processes use aluminum-silicon melt to coat, while
pure aluminum melt is used in the Type 2 processes. Most
of the work done in aluminizing considered a plain carbon
steel or iron sheet coated with aluminum. However, in cast-
ing, the die surface istypically H-13 tool steel, and the alloy
is typicaly an aluminum-silicon aloy with various other
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Tablel. Phase Identitiesin Fe-Al-Si System(®
Composition, Wt Pct
Nomenclature Stoichiometry Fe Al Si
m FesSiAlL 55 26.6 184
7 FesSisAls, 41.9 405 17.6
73 FesSisAlg 42.1 36.6 21.2
s FesSisAls 38.1 46.0 16.0
s FeSiAl, 29.1 56.3 14.6

additive elements. Moreover, the intermediate compounds
formed in asoldered cross section result from a multicompo-
nent diffusion-couple reaction containing H-13 tool steel at
one end and an auminum-silicon alloy melt at the other,
rather than a single component system as is the case in
auminizing of steel. The nature of the diffusion process
seemsto be similar in both of these processes, but the compo-
sition and the thickness of the intermediate phase layers
are different.

Wladyslaw and Alexander!™® observed that the mecha-
nism of soldering is not an electrochemical one but that it
ispurely based on the diffusion and chemical reactions of the
elementsin the die (solid) and the liquid metal. Experienced
aluminum die casters have observed that different grades of
aluminum alloys differ from each other in their tendency
towards soldering. According to Wladyslaw and Alexander!*‘l
aluminum exhibits a strong adhesive tendency to stick to
iron. In their experiments using auger €lectron spectroscopy
and electron spectroscopy for chemical analysis (ESCA)
photoelectron spectroscopy, they showed the existence of
an intermediate layer consisting of zones of intermetallic
compounds, such as FeAls (prevaent), Fe;Al, and FeAl;
phases. On the other hand, the presence of other alloying
elements, such as Si, Cu, Mg, etc., resulted in the formation
of a number of complex intermetallic compounds in the
intermediate alloy layer. Wladysaw and Alexander also
established that the soldering tendency of the primary alumi-
num metal is the greatest, followed by that of the Al-Mg
aloy, the hypoeutectic Al-Si alloy, the Al-Si-Cu, and the
eutectic Al-Si, which has the least soldering tendency.
Increasing amounts of silicon in the aluminum decreased
the growth rate of the intermetallic layers. Takeda and
Mutazaki® gave acomprehensivelist of al theintermetallic
compounds that can be formed in an aluminum-iron-silicon
system. These are tabulated in Table | and present a qualita-
tive understanding of the possible intermediate compounds
that can be formed in an iron-aluminum-silicon ternary
system.

Carrying out SEM analysis of aluminized samples with
Al-10 wt pct Si aloy (Type | process), Denner and Kim*l
have shown that for short immersion times, in the order of
5 seconds, the #-FeAl; initially forms as a very thin layer
a the steel interface. This is immediately followed by the
formation of the n-FeAls layer, and as this layer grows, it
contains isolated and nonisolated particles of 6-FeAls. Both
of these phases contain an elemental silicon phase. In the
presence of silicon in the auminum, the n-FeAls layer is
followed by the formation of the 7-Fe,SIAl; layer. The 75
layer is then followed by the formation of coexisting layers
of 75 and 7, intermetallic phases. Lastly, aluminum gets
coated above al these intermediate layers. The aluminum
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coat contains raftlike particles that are predominantly com-
posed of the 7 and 7, intermetallic compounds. Not surpris-
ingly, the composition of the intermediate layer in
aluminized steel is similar to that found in die-soldered
microstructures.

In contrast, when there is no silicon present in the alumi-
num melt, the interaction of the melt and the steel surface
is quite different. In the Type 2 aluminizing process, the
steel-alloy layer interface is highly corrugated, and the Fe-
Al intermetallic compounds are the only ones that are
formed. Here, the aluminum coat is much thinner compared
to that of the intermetallic layers, while in Type 1 process,
the intermetallic layer is thinner.[416l

Thereasonwhy silicon retardsthe growth of thealloy layer
iscontroversial. Nicholl$'*” and Heumann and Dittrich® are
of the view that aluminum is the chief diffusing species in
the Type 2 aluminizing process. They rationalize that silicon
atoms occupy the structural vacancies of the n-Fe,Als phase,
which occurs in the Type 1 process; whereas in Type 2
process, aluminum diffusion is promoted because of the
absence of silicon. On the other hand, Lainer et al.l*! con-
clude that the effect of silicon arises from the formation of
Fe-Si-Al ternary phases, which nucleate and grow at aslower
rate than %-FeAls. These authors strongly dispute
Nicholls 17 view that aluminum is the primary diffusing
species in the Type 2 aluminizing process. Based on a few
solid-state diffusion experiments, they claim that iron is the
faster diffusing species. Subsequently, Kurakin and Fiz*
stated that the primary diffusing speciesin the Type 2 process
was iron and that in the Type 1 process, it was aluminum.
This was explained in terms of the disruption of steel/7-
FeAls interfacial contact in Type 2 aluminizing. Thisis not
apparent in Type 1 aluminizing, where silicon retards the
growth of this phase. Komatsu et al.?” and Denner et al.*
subscribe to the viewpoint that the silicon accelerates the
velocity of the iron enrichment in aluminum melts. Eggeler
et al.[*¥ conducted coating experiments that convincingly
proved that theiron enrichment theory isnot valid. They also
confirmed that silicon influences the diffusion conditions in
the n-FeAls phase.

Studying the parameters that have a deleterious effect
on the aluminizing process is critical to understanding die
soldering. For example, there are various alloying elements
that can be added to the aluminum melt that will either
increase or decrease the thickness of the intermediate layer.
Unfortunately, the auminizing literature does not offer a
clear and comprehensive theory that can be applied to die
soldering. By extending the theory proposed by Akdaniz et
al.,”¥ the role of these elements in affecting the activity
coefficients of the diffusing speciesin theintermetallic layers
can be determined from the general equation developed
by Wagner.[%]

B = RTIn y [1]
Iny =1n 5 + 360G 2]

where y? is a constant and is independent of concentration
of constituent elements in the intermetallic layers. The sub-
script i can be substituted by any element in the layer. The
% is the activity coefficient of element i, and &! is the
interatomic interaction parameters of the element i due to
element j. The ¢ is the atomic concentration of the element
j in the intermetallic layers.
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Fig. 3—Schematic diagram showing the setup of the diffusion couple
between the die material and the molten aluminum alloy

The behavior of these elements is exemplified by the
theory proposed by Akdaniz et al.? For example, at a
temperature of 800 °C, the value of (e55Cg) + (ea™'Cal)
in Eqg. [2] is —2397.59. This value was calculated from
the activity coefficients of Al in a layer of intermetallic
compounds consisting of Fegs(Alig-xSix)s alloys, with 1 at.
pct of Siy. For this condition, the value of (y,) in Eq.
[2] is a small fraction, and thus, the chemical potential of
aluminum given by Eq. [1] is decreased due to the presence
of silicon. It can be concluded, therefore, that diffusion of
auminum in an intermetallic layer containing silicon is neg-
ligible compared to one without silicon. A similar analysis
can be performed to demonstrate the effects of various other
elements on the chemical potential of aluminum in the inter-
metallic layers.

Iron content in the casting alloy plays a very crucia role
in causing soldering. According to Norstrom and Klarenfi-
ord,® the maximum solubility of iron in aluminum is 3 wt
pct at 700 °C. The soldering phenomenon decreases as the
iron content approaches the maximum solubility value. Also,
the iron content influences the growth of the intermediate
layer, which has a direct influence on soldering. Holz?%
found that the soldering tendency of an alloy with 0.8 wt
pct iron is high and that of an alloy with 1.1 wt pct iron is
very low. This is because as the iron content in the cast
metal reaches its saturation level, the chemical potential
gradient, which is the driving force for the diffusion of the
iron atoms from the die to melt, is greatly reduced.

Though the literature search was helpful in a qualitative
understanding of the role of alloying elementsin the molten
metal, the work to date does not offer a quantitative under-
standing. A mechanism of die soldering is needed to be able
to control the process.

[, EXPERIMENTS

The intermediate layers that are formed at the tool steel
and molten aluminum interface are the result of adiffusional
process wherein the iron atoms diffuse out of the tool steel
into the aluminum melt. However, whether it is an interface-
controlled or a diffusion-controlled process can only be
determined by performing multicomponent diffusion-couple
experiments. Figure 3 shows a schematic diagram of
the experimental setup used for the diffusion-couple
experiments.

In this set of experiments, a disk of H-13 die material of
dimensions 0.75-in. diameter and 0.25-in. high was taken
and preheated to 325 °C. The surface of the H-13 steel disk
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had been polished to a 325-grit finish. Half of the polished
surface was coated with a layer of white boron-nitride paste
to prevent the aluminum from interacting with the steel
substrate. This coated area of the surface was used as a
reference point to measure the depth of attack on the steel
surface by molten aluminum. The die material sample was
then placed in a ceramic trough of diameter 0.75 in. such
that there was a negligible gap between the walls of the
trough and the cylindrical sample. Aluminum melt was then
poured into the trough over the steel surface, and the system
was left undisturbed in a furnace maintained at 625 °C. The
melt used in the experiment was industrial grade 380.1 aloy.
The diffusion couple was kept for three different times of
48, 120, and 168 hours, and subsequently, the samples were
guenchedin cold water to arrest any further reaction. Further-
more, three samples were sectioned for metall ographic anal -
ysis for each of the different diffusion times.

Three samples from each of these die-soldered interfaces
were metallographically examined. Specificaly:

(1) Scanning electron microscopy was performed on the
samples for both a quantitative and qualitative under-
standing of the various phases that formed during the
diffusion process. The distribution of all the phases and
elements present in the diffusion zone was determined.
This was accomplished via extensive X-ray mapping of
al the elements in the diffusion zone.

(2) A second sample from each of the experimental runs
was used to evaluate the structure and stoichiometry of
the various phases present in the intermediate compound
layers. The intermetallic compounds were stripped out
of the steel surface and were crushed into a fine powder,
which was then mounted on a glass plate. X-ray diffrac-
tion patterns were then obtained to establish the identity
of the intermetallic phases present in the diffusion zone.

(3) A third sample from each of the experimental runs was
used to determine the sequence in which the identified
intermetallic-compound layers appeared in the diffusion
zone. Sample cross sections were ground and polished at
an angleof lessthan 5 deg. Thisenabled theintermetallic
layers to have a larger area projected onto the X-ray
beam in the goniometer. The samples were then evalu-
ated by the X-ray diffractometer, and phases wereidenti-
fied in the order in which they appeared in the diffusion
zone. The scan rate of the X-ray diffractometer was 0.5
degrees/min, and the count time was 4 seconds at each
angle. The aperture of the beam was 3 deg for the powder
sample and 0.1 deg for the slant-polished intermediate
layers. A chromium tube was used to enhance the peaks
in the aluminum side of the spectrum. The range of
angle scanned was 25 to 165 deg.

In addition to the metallographic analyses of controlled
die-soldered laboratory samples, microstructure and metallo-
graphic analyses were carried out on die-soldered samples
obtained from the industrial sector to verify and validate
the results.

IV. RESULTS

Figure 4 shows the microstructures obtained from the
interaction between H-13 and aluminum melt from various
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Fig. 4—Selected microstructures from experimental laboratory trial runs
(L-16 experimental matrix). (a) Pits formed on the surface of the H-13 die
steel due to repeated attack by molten aluminum. (b) Close up of the
formation of the initial intermediate phase layers on the pits. (c) and (d)
Straightening out of pitsand subsequent joining of the adjacent intermediate
phase layers. (€) Gaps between pits through which molten aluminum from
subsequent cast shots enters and reacts with the H-13 die steel. (f) Pyramid
shaped intermediate phase layersthat grow out of the pitson the die surface.
These pyramids expand along the steel surface and merge with each other
to form one continuous intermediate layer.

experiments carried out in the laboratory. The microstruc-
tural features in Figure 4 are representative of the key fea-
tures observed in most of the specimens in the L-16
experimental matrix. Figure 5 shows the microstructures
of soldered samples obtained from industrial sites. These
micrographs clearly show the pitting behavior on the steel
surface.

Figure 4(a) shows the formation of initial pits on the
surface of the H-13 steel due to aluminum attack. Figure
4(b) is a closeup on one of the pits seen in Figure 4(a),
showing the formation of the initial intermetallic phases
between iron and auminum (mostly binary phases). Also,
observed isthe eroded steel surface floating in the aluminum
layer. The spalled steel phase a so reacts with aluminum to
give raftlike intermetallic phases. Figure 4(c) shows the
pitting in an advanced stage for the same time due to varia-
tionsin alloy chemistry. Theintermediate phaseshave grown
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Fig. 5—Microstructures of soldered samples obtained from a commercial
die casting operation. (a) Initial attack of the softer intergranular regions
on the surface of the die steel by molten aluminum. (b) Formation of the
subsequent pitsafter the grain boundary erosion. It also showsthe formation
of theinitial phases in the intermediate layer inside these pits. (c) and (d)
Stereomicrograph of the pits on the surface of an H-13 die material and the
counterpart soldered aluminum surface containing mounds of intermediate
phases that fit into the pits on the steel surface.

considerably, and soldering is more defined. Notice the raft-
like steel phases floating in @ uminum have undergone com-
plete reaction and have changed into intermetallic phases.
In Figure 4(d), the pits have become more devel oped. Radial
growth of the intermetallic phases gives rise to pyramid-
shapedintermetallic layersover the pitsduetoiron diffusion.
A well-defined and compact intermediate-phase layer is
observed in Figure 4(e); moreover, the pits are straightening.
The sole contact between molten duminum and steel is
through the gaps between adjacent pits. Initial formation of
pyramid-shaped intermetallic phase from the pits can be
noticed in Figure 4(f); this is due to iron diffusion. In al
the microstructures, the top porous layer of the intermetallic
phase is primarily a-(Fe,Al,Si) phase, whereas the bottom
compact layer is primarily n-Fe,Als and other binary iron-
aluminum phases. The phase identities have been validated
along with the results of the diffusion-couple experiments
and the X-ray diffractometer analysis.

In Figure 5, the die materia is H-13, and the aluminum
alloy is380.1. Figure 5(a) showsthe phase boundary erosion
of the steel surface by the aluminum melt. The grains loos-
ened by the aluminum results in the formation of erosion
pits and eventually the formation of binary Fe-Al phases.
Figure 5(b) shows the next stage after phase boundary ero-
sion: theformation of erosion pits and the subsequent forma-
tion of the binary Fe-Al phases in these pits. In addition,
some eroded portions of the die material surface can be seen
floating above the pits.

Figure 5(c) is a stereo micrograph (50X) showing the
erosion pits on the H-13 steel surface. Figure 5(d) is the
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Fig. 6—Micrographs showing the microstructure of the diffusion couple.
Time of reaction was 1 week (168 h). There are threelayers of intermetal -
lic phases between the aluminum alloy and steel surface: the ternary a-
(Al,Fe,Si) phase layer (Fig. (b)); the intermediate 6-Fe,Aly3 layer (Fig.
(c)); and the binary n-Fe,Als layer (Fig. (d)). Micrographs (b), (c), and
(d) show magnified portions in (a).

Fig. 7—Cross section of the intermetallic layer that was formed in the
diffusion couple experiment (1 week).

counterpart of Figure 5(c), wherein the mounds of interme-
tallic phases are found on the surface of the soldered alumi-
num in contact with the steel surface. Figures 5(c) and (d)
are also micrographs of soldered samples, obtained from
industries, where the intermetallic layers were mechanically
stripped out of the steel surface.

Figures 6 and 7 show representative microstructures from
the cross section of the diffusion couple. These samples had
undergone 168 hours of diffusion reaction. The die material
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Fig. 8—Microstructure of the cross section of the diffusion couple (48 h)
sample. The thickness of the intermetallic layer is smaller to that seen in
the 1 week diffusion couple sample shown in Fig. 6. In addition, the
thickness of the ternary phase is greater than the binary phase, contrary to
that seen in the 1 week sample.

is H-13, and the alloy is an industrial grade 380.1. Figure
6(a) shows the various layers that are formed between the
steel surface and the aluminum alloy during diffusion. Fig-
ures 6(b), (c), and (d) show magnified microstructures of
these intermediate phases. Figure 7 shows a low-magnifica-
tion SEM image of the intermetallic layers. This sample was
obtained by stripping the intermediate phase layers between
the steel and the aluminum. Figure 6(a) is the cross-section
SEM image showing the various layers of intermetallic
phases between the steel and aluminum alloy. Figure 6(b)
showstheternary «-(Al,Fe,Si) phase. Energy peaks of man-
ganese and zinc were also seen in the EDX spectrum of this
layer. Manganese and zinc formed compounds on the phase
boundaries of the ternary a-(Al,Fe,Si) phase. These com-
pounds were mostly etched out during the extended diamond
polishing and left behind pits on the phase boundaries, as
seen in the image. Figure 6(c) shows the 6-FeAl, 5 inter-
metallic-phase layer between the ternary and the binary
Fe,Als phase. Figure 6(d) shows the binary iron-aluminum
layer formed near the steel surface. Identity of the n-FeAls
phase was confirmed through EDX analysis. Silicon was
found as large precipitates in the binary phase region, at
the grain boundaries, and at the interface. Energy peaks of
chromium and sulphur were also picked up by the EDX of
this layer. In Figure 7, the intermetallic layer was stripped
off the steel (H-13) surface, and the pit formation is clearly
evident. Theintermetallic phasesgrow in acolumnar pattern.
Thesilicon precipitation can also be seen in the Fe,Als phase
layer at the phase boundaries. The growth of theintermetallic
layer continues until the cracks between adjacent pits in
the intermetallic layer close, allowing no further aluminum
melt access.

Figure 8 shows the microstructure of the diffusion zone
cross section of a sample, which had undergone a 2-day
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Fig. 9—Micrographs showing the comparison between the microstructure
obtained from (a) and (c) soldered die insert from the die casting industry
and (b) and (d) diffusion couple (1 week) performed in the laboratory. The
die material in both cases was H-13 with similar heat treatment, and the
cast aloy was aluminum 380.1.

(48 hours) diffusion reaction. This image also shows the
presence of theintermediate layers but in various proportions
of thickness as compared to the 1-week-long diffusion sam-
ples. Figure 9 shows a comparative analysis of the micro-
structures from a soldered sample obtained from the die
casting industry along with the sample that underwent a
168-hours diffusion reaction.

Figure 9(a) is a sample from a die casting industry. It
shows the intermetallic layers formed between steel and
auminum. Figure 9(b) is a sample from the diffusion couple
between H-13 and aluminum alloy (168 hours). Figure 9(c)
is an enlarged image of the binary n-FeAls phase in the
microstructure shown in Figure 9(a). Notice the precipitation
of the silicon-rich phase in this phase layer. Figure 9(d) is
an enhanced image of the portion marked in Figure 9(b).
Thisimage shows the presence of alayer between n-Fe,Als
and a-(Fe,Al,Si) phase layers, which isthe 6-Fe,Al 5 phase.
Also, notice the silicon-rich phase precipitating in the 5-
Fe,Als region. Figures 9(a) and (b) are digitally enhanced
to clearly show the boundaries between the various phases.

Figure 10 shows the results of EDX spot-pattern analysis
from the various spots across the diffusion-couple interface.
The sampleis from a 168-hours diffusion couple. The white
line running across the micrographs represents the line on
which each of the spotswas present. The profilewasobtained
by spot EDX inaJEOL* 840 SEM using KEVEX**-Sigma

*JOEL is a trademark of Japan Electron Optics, Ltd., Tokyo, Japan.
**KEVEX is atrademark of Kevex Corporation, Foster City, CA.

software. The iron concentration was complimentary to the
aluminum concentration, and it steadily decreased from the
steel interface to the soldered aluminum. Figure 10(a) is
the secondary electron imaging (SEI) image, showing the
various layers of intermetal lic compounds between the steel
and the aluminum. Figure 10(b) is an enlarged portion (near
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Fig. 10—Diffusion profiles from the diffusion couple held at 625 °C for
1 week (168 h). (a) Die soldered interface, showing the H-13 steel (left),
intermediate phase layers, and the soldered aluminum aloy (right). (b)
Enlarged region close to the steel surface (in (a)), showing the binary iron-
aluminum compounds.

the steel interface) of the section shown in Figure 10(a).
The various layers of iron-aluminum binary alloys formed
close to the steel interface are evident.

Figure 11 shows the results of the X-ray mapping of
the cross section of the sample that underwent 168-hours
diffusion reaction. The distribution of iron, aluminum, sili-
con, and chromium are given. The profile was taken on the
JEOL 840 SEM using the KEVEX-Sigma software. The
imageis of 1024 X 1024-pixel resolution, and the scanning
was done on the straight line running across the microstruc-
ture. Data was analyzed on 1024 spots on the line running
from the die material to the soldered aluminum. The resi-
dence time of the electron beam on each data point was 8
us. The profile shows the active part of iron and aluminum
in the first few layers from the steel surface. Binary com-
pounds of iron and aluminum form first with chromium as
the major impurity element. Chromium forms compounds
and precipitates on the grain boundaries of the binary iron-
aluminum compounds. Silicon exits as precipitates in the
binary phases and at the interface between the binary and
the ternary phases. Subsequently, a ternary a-(Al,FeSi)
compound form with manganese as the major impurity ele-
ment. Manganese forms compounds and precipitates on the
grain boundaries of the ternary iron-aluminum-silicon
phase.

Figure 12 shows the X-ray map of the microstructure of
the sample that underwent a 48-hour diffusion reaction.
The image was taken with a JEOL JSM-840 SEM. The
distribution and concentration are shown in gradations of
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Fig. 11—Line-scan profiles on the microstructure from the diffusion couple
(time = 1 week) of H-13 die material and molten aluminum A-380.1 aloy.

gray scales. The brighter the zone, the greater the concentra-
tion of the element in that region. The concentration profile
was scanned across the thick line shown in each of the
images. The image was acquired at the interface between
the binary and the ternary phasesin the intermetallic region.
It can be observed that silicon is present at this interface
as precipitates. Analyzing unpolished and polished regions
of the layer explains the distribution of the minor elements,
i.e., zinc, manganese, chromium, etc., and the cause of the
porosity in theternary phase. These elements exist primarily
asprecipitatesintheternary phase and the interface between
the binary and the ternary phase, as can be seen from the
two profilesgivenin the bottom of theimage. These precipi-
tates are eroded out of the phase layer due to corrosive
action of agueous medium during extensive polishing.
Figure 13 shows line scan profiles across asoldered inter-
face of a sample acquired from a die casting company.
These profiles were taken to confirm the results shown in
Figure 10(b). The profile was taken with a JEOL JSM-840
SEM using the KEVEX-Sigma software. The image is of
1024 X 1024-pixel resolution, and the scanning was done
on the straight line running across the microstructure. Data
were analyzed on 1024 spots on the line running from the
die material to the soldered aluminum. The residence time
of the electron beam on each data point was 8 us. The
profile shows the active part of iron and aluminum in the

VOLUME 33B, JUNE 2002—471



’Siconcentration
and distrbution

s lconcentration
distrbution

Zn concentration
and distrbution

Fig. 12—The images show the distribution and the concentration line scan
profiles of the respective elements in the intermediate layer. The image
was taken at a region in the intermediate layer where a polished and an
unpolished area coexisted. This map shows the distribution of the trace
elements present in the multicomponent diffusion couple experiment

first few layers from the steel surface. Binary compounds
of iron and aluminum form first with chromium as the major
impurity element. Notice the presence of various binary Fe-
Al compounds shown by the miscibility gaps.

Table Il shows the result of the diffraction pattern
obtained for the powder samples. The obtained “ d-spacing”
and therelative intensities of the pattern obtained are shown
in the first two columns. The possible phases present and
the lines for each of the observed d-spacing values are
given. The d-spacing values for the phases were compared
with the JCPDS card files: FeAls-#47-1435; (Al,Fe,Si)-
#20-0030; Al 3Fe-#47-1420; Al-#4-787; and Fe-#85-1410.
Three compound structures matched most of the lines in
the patterns obtained from all evaluated samples. These
were FeAls, Fe,Al s, and a-(Al,Fe,Si) phases. The respec-
tive lines of each phase are given against their respective
d-spacing values. Only the very strong and strong peaks
were considered from the pattern. Weak and very weak
peaks were omitted because the strong peaks themselves
were sufficient to confirm the phases present in the interme-
diate layers. The obtained d spacing for various compounds
were within a 1 pct error margin to those obtained in the
JCPDSfiles. The peaks from the X-ray pattern of the slant-
polished samples matched well with that of the powder
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Fig. 13—Line-scan profiles on the microstructure of a soldered sample
from an industrial die-casting operation. The die material hereis H-13 and
the molten metal is aluminum 380 alloy.

pattern. The sequence of the phases between the tool steel
surface and the soldered aluminum follows the sequence
observed in the metallographic analysis presented earlier.
Table 111 shows the comparison of the lattice parameters
calculated from the d spacing obtained from these experi-
mentsfor each of the assumed phases, and the ones obtained
for the phasesfrom the JCPDS card files. The lattice param-
eters were calculated using the Cohen’s method.”1 The
structures of each phase were assumed to be that given in
the respective card files.

Figure 14 shows the relation between the overall inter-
metallic-layer thickness and the square root of time of diffu-
sion for the diffusion-couple experiments. The origin is
taken asavalid datapointin the curve becauseit istheinitial
condition for the diffusion process. The curve obtained is
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Tablell.

X-Ray Diffraction Pattern of the Powder Sample of Intermertallic Layer Formed in the Diffusion Couple

(Held for 168 Hours)

Powder Pattern of the Intermetallic Layers

d-Spacing  Intensities  Phase {hKl} Phase {hKl} Phase {hki} Phase  {hki}
5.2767 13 — — — — a-(FeAl Si) {201} — —
4.9069 20 Fe2Al5 {110} — — — — — —
3.9722 26 — — — — a-(FeAl Si) {2113 — —
3.9554 25 — — FedAl13 {211} — — — —
3.8413 16 — — — — — — — —

3.8137 22 — — — — — — — —

3.8041 17 Fe2Al5 {200} — — — — — —
3.2078 29 — — — — — — — —

3.1978 34 Fe2Al5 {020} — — — — — —
3.139%4 20 Fe2Al5 {111} — — — — — —
3.113 21 — — FedAl13 {131} — — — —
2.251 23 — — — — — — — —

2.463 16 — — — — a-(FeAl Si) {316} — —
2.3628 18 — — — — — — — —

2.3344 47 Fe2Al5 {310} FedAl13 {051} — — Al {111}
2.3289 49 — — — — a-(FeAl Si) {317} — —
2.2912 23 — — FedAl13 — a-(FeAl,Si) {406} — —
2.2146 17 — — — — a-(FeAl Si) {325} — —
2.1512 55 — — — — a-(FeAl,Si) {501} — —
2.1196 100 — — FedAl13 {511} a-(FeAlS)  {30(10)} — —
2.0906 20 Fe2Al5 {221} — — — — — —
2.0857 0 Fe2Al5 {002} — — — — — —
2.0633 79 Fe2Al5 {311} — — — — — —
2.0499 48 Fe2Al5 {130} FedAl13 {600}  a-(FeAlS) {327} — —
2.0435 39 — — — — — — — —

2.0354 87 — — — — a-(FeAl Si) {420} Fe {110}
2.0224 21 — — — — — — Al {200}
2.0176 21 — — — — — — — —

1.9848 15 — — — — a-(FeAl,Si) {47} — —
1.943 17 — — FedAl13 {431} — — — —
1.9062 10 Fe2Al5 {112} FedAl13 {152}  a-(FeAlS) {512} — —
1.8479 14 Fe2Al5 {400} FedAl13 {413} — — — —
1.7646 14 Fe2Al5  {31}&{202} — — — — — —
1.7203 16 Fe2Al5 {022} FedAl13 {701} — — — —
1.6138 13 — — — — — — — —

1.5976 14 Fe2Al5 {040} FedAl13 {603}  a-(FeALS)  {42(10)} — —
15289 10 Fe2Al5 {222} — — — — — —
1.501 14 Fe2Al5  {21}&{331} — — — — — —
1.4763 10 — — FedAl13 {271} — — — —
1.475 18 Fe2Al5 {510} FedAl13 {205} — — — —
1.4737 17 Fe2Al5 {240} FedAl13 — — — — —
1.4721 14 Fe2Al5 {132} — — — — — —
1.4586 16 — — FedAl13 {244} a-(FeAlS)  {00(18)} — —
1.4314 18 — — — — — — Fe {200}
1.4286 23 — — — — — — Al {220}
1.4038 16 — — FedAl13 {811} — — — —
1.3913 12 Fe2Al5 {402} FedAl13 {461} — — — —
1.338 9 Fe2Al5 {241} — — — — — —
1.2686 33 — — — — a-(FeAlS)  {44(12)} — —

a straight line showing that the process is totally diffusion
controlled. Although, the growth of the overall intermetallic
layer follows the standard parabolic-rate law, the growth of
the individual binary and ternary phases do not follow the
parabolic-rate law. The rate constant for the growth of the
intermetallic layer was calculated to be 0.1483 mm/hrY?,
Hence, the rate equation was found to be X = 0.15 - t¥2,
where X is the overall intermetallic-layer thickness, and t
is the time in hours.

METALLURGICAL AND MATERIALS TRANSACTIONS B

V. DISCUSSION

When the molten metal encounters the steel surface, the
weak intergranular regions, which are devoid of the hard
carbide phases, are attacked by the melt. This results in
the formation of the primary solid solution of iron with
aluminum, as per the phase diagram shown in Figure 15.
The phase boundary attack, which is seen in Figure 5(a),
results in the loosening of the steel grains, which eventually
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Tablelll.

Calculated and Theoretical Values of the Lattice Parameters of the Phases Given in Table ||

Calculated Lattice Parameters

Lattice Parameters in JCPDS

Observed Phases Unit Cell a b [ a b c
Fe2Al5 orthorhombic 7.6148 6.3633 4.1959 7.6486 6.4131 4.2165
a-(Al,FeSi) hexagonal 12.2368 — 28.2470 12.4000 — 26.1000
FedAl13 rhombohedral — — — 14.2078 — 7.5472

Percentage Change in Calculated Values

from Observed Values

Observed Phases Unit Cell a b c
Fe2Al5 orthorhombic —0.4419 —0.7765 —0.4886
a-(AlFeS) hexagonal —-1.3161 — 8.2261
FedAl13 rhombohedral — — —

2.5

2 (168 r)
X = 0.1483*t7(0.5)

X (mm)

(120 hry

Layer Thick

0.5
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

tA0.5 (hours*0.5)
Fig. 14—Rate curve of the diffusion couple experiment. The rate of growth

of the intermetallic layer obeys the parabolic rate law with the rate constant
being 0.1483 mm/h'2,
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Fig. 15—Iron-aluminum binary phase diagram.[*

separate from the surface due to the high drag forces of the
incoming metal during casting. This gives rise to pits on the
die surface. Theiron from these pits and the loosened grains
start to diffuse out resulting in the formation of a series
of intermetallic compounds between aluminum and iron.
Silicon and other impurity elementsin the steel and the melt
do not take part in the initial reactions because they are
heavy elements and are not in sufficient concentrations to
effectuate reaction phases. These minor elements precipitate
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as phases in the pits and in the adjoining binary phases of
iron and aluminum. Figures 5(b) and 4(b) show theformation
of theinitial intermetallic phasesin the erosion pits. Figures
5(c) and (d) are photographs of surfaces at the interface
between the aluminum and steel. Soldered aluminum was
mechanically stripped off the steel surface in one of the
soldered samples from a commercial die-casting shop. Fig-
ure 5(c) shows the steel surface at the die/molten metal
interface; the presence of erosion pitsisquite evident. Figure
5(d) isthe counterpart aluminum surface that was in contact
with the steel surface. This image shows the intermetallic
mounds on the aluminum. These intermetallic compound
mounds were attached to the pits shown in Figure 5(c). These
observations establish that a pit erosion process initiates
soldering. This hypothesis has been reaffirmed by the results
obtained in the diffusion-couple experiments.

Figures 4(d) and (f) show another critical feature in the
steel/aluminum interface reaction. In these SEM images, the
different stages of intermetallic layers growing, following
the pitting process, can be observed. Theintermetallic phases
grow radialy out of the erosion pits, forming pyramid-
shaped intermetallic layers. Apart from the small portion of
the initial, binary iron-aluminum phases, these intermetallic
pyramids primarily consist of 7-FeAls (close to the steel
surface) and «a-(Al,FeSi) phases (close to the soldered
aluminum).

Two processes primarily govern theformation of theinter-
metallic layer in this stage. One is the diffusion of the iron
atomsout of the steel surfacethrough theintermetallic layers,
causing the formation of the binary iron-aluminum interme-
tallic phases. The other process is the continuous reaction
of the top layer of the binary phase with aluminum to form
more binary and, finaly, ternary intermetallic phases, as
governed by the phase diagrams shown in Figures 15 and 16.

Initially, the growth of the ternary phase is more pro-
nounced due to the rapid diffusion of the iron atoms and
therapid reaction with the available molten metal. The pres-
ence of fresh molten aluminum at every shot enhances the
kinetics of formation of the ternary phase. Once these pits
start to widen and merge with each other, as shownin Figures
4(c) and (e), the dluminum melt comes in contact with the
steel surface only through the cracks and passages between
two adjacent pits; hence, the growth of the binary n-FeAlg
compound is more pronounced. The reaction is driven by
the diffusion of the iron atoms forming the binary n-FeAls
rather than the chemical reaction with the aluminum melt.
Thus, once the pits start to merge with each other and cut
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Fig. 16—Al-Fe-Si ternary system between 570 °C and 600 °C. Phase
marked 75 is also known as .8

off the supply of aluminum melt to the steel, the n-FeAls
layer grows faster than the a-(Al,Fe,Si) layer. The growth
of the intermetallic layer continues until all cracks close up,
and this occurs roughly when the ratio of the thickness of
the intermetallic layer and the soldered aluminum layer is
1:5. This explains the observation that most of the cross
sections of pronounced soldering exhibit a ratio of 1:5.

Microstructural observations of the soldered samplesfrom
commercial die-casting shops and those from the controlled
experimental work led to the hypothesis that soldering is a
diffusion-driven process. This hypothesis is supported by
the diffusion-couple experimental results.

The microstructures shown in Figures 6 and 8 reveal that
iron is the primary diffusing species in the system. Thisis
shown by the growth of the diffusion products out of the
steel surface rather than into the steel. Also, EDX analysis
and X-ray diffraction patterns of the phasesin the intermedi-
ate layers reveal that the layer closest to the steel surface is
most likely a series of binary iron-aluminum phases dictated
by the iron-aluminum phase diagram shown in Figure 15,
and the layer closest to the aluminum side is most likely a
ternary a-(Al,Fe,Si) phase dictated by the ternary Al, Fe,
and Si system shown in Figure 15. Figures 6(b), (c), and
(d) show magnified SEM images of the portions shown in
Figure 6(a). Therewasarelatively thin layer of intermetalic
phase found between the binary and the ternary phases. This
is the binary 6-FeAl; (existing as Fe,Aljs) phase with the
presence of various impurity elements from the steel and
aluminum alloy. The composition of iron and auminum
was similar to the 6-Fe,Al; phase as found by the X-ray
diffraction techniques shown in Table II. The large binary
phase near the steel interface is the n-FeAls phase. This
was affirmed by X-ray diffraction on the powder sample
obtained from the intermetallic layers in addition to the
EDX andysis of the region in the soldered and diffusion
microstructures. The ternary phase closest to the aluminum
side of themicrostructureisthe a-(Al,Fe,Si) phase. Thiswas
indicated by the EDX analysisof various microstructuresand
the X-ray pattern. In Figure 6(a), the ternary phase is rather
porous as compared to the other phases. This porosity would
have occurred due to the corrosion of the phases present in
those aress.

Figure 12 shows an X-ray mapping image of the polished
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surface and unpolished region of the intermetallic layers.
The unpolished layer does not show any porosity. Instead,
the maps show that these areas were occupied by a zinc
and iron-rich intermetallic phase. Polishing in an agueous
medium for three to four weeks resulted in the corrosion of
this phase and resulted in porosity. Figure 7 shows the cross
section of an intermetallic layer between steel and aluminum
that was separated mechanically. The growth pattern of the
intermetallic layers can be deciphered from this micrograph.
It can be seen that the intermetallic layersgrew in acolumnar
fashion, away from the steel surface. Silicon was present as
precipitates in the binary iron-aluminum phase, as shown in
Figures 6(c), 7, and 9(c). Silicon-rich phases precipitated at
the grain boundaries of the binary Fe,Als phase layer, and
the large star-shaped silicon precipitates were pushed to the
boundary between the binary and the ternary phase layers
in the microstructure (Figures 6(b), (c), and 9(c)). Figure 9
shows a comparison of the microstructural features of the
diffusion sample and a soldered sample from industry. The
growth patterns and the compositions of the intermetallic
phases are similar. The data confirm that the mechanism of
soldering is a diffusion-driven process.

The hypothesis that binary iron-aluminum intermetallic
phases grow near the steel interface followed by a ternary
a-(Al,Fe,Si) compound is confirmed by the concentration
profiles shown in the Figure 10. Despite a 5 pct variation
due to inaccuracies in the background subtraction of the
peaks generated by the EDX analysis software, one can
safely state that al the phases present in the binary iron-
auminum phase diagram (Figure 15) are present in the sol-
dered intermediate layers. The presence of these phases is
clearly demarcated by the miscibility gaps corresponding to
the intermediate, immiscibl e two-phase regions of the binary
phase diagram. The variation in the values obtained by the
EDX spot analysis is no less than 10 pct of those found in
the phase diagram. This can be attributed to the fact that a
perfect background subtraction of the X-ray peaks is not
available and that thelattice of the binary compounds contain
impurity elements, such as chromium and manganese, which
tend to decrease the effective percentages of iron and alumi-
num during the quantitative analysis of the EDX spectrums.
Line-scan concentration profiles, shown in Figures 11 and
13, reveal that chromium isamajor impurity inthe n-FeAls
phase and that manganese is a major impurity in the a-
(Al,Fe,Si) phase. The calculated lattice parameters of these
two phases revealed that the unit cell of the orthorhombic
n-FeAls phase is extended along the ¢ axis, as expected,
due to the presence of impurity elements, such as chro-
mium atoms.

From the analysis of the results of the diffusion-couple
experiments, the microstructural analysis of soldered sam-
ples from industrial sites, and our experimental matrix, it
can be concluded that the mechanism of die soldering is
primarily diffusion-driven. The phases in the intermediate
intermetallic layer between steel and aluminum have been
positively identified based on this analysis.

VI. CONCLUSIONS

The analysis of the metallurgy and kinetics of the solder-
ing phenomenon lead to the following conclusions.

1. Soldering is primarily a diffusion-driven phenomenon.
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Diffusion of iron atoms from the ferrous die into the
auminum melt causes the formation of a series of binary
and ternary intermetallic phases onto which the aluminum
alloy solders.

2. Laboratory die-soldering experiments, as well as diffu-
sion-couple experiments between the ferrous die material
and aluminum melt, established the metalurgy of the
aluminum/steel die interface reactions.

a. Initialy, aseriesof iron-aluminum binary phasesform.
The largest volume fraction of binary phase formed
is n-FeAls. Above the binary phases, the ternary a-
(Fe,Al,Si) phase forms. A layer of 6-Fe,Al3 forms
between the n-FeAls and a-(Fe,Al,Si) phase layers.

b. Silicon precipitates on the grain boundaries of the
n-FeAls phase layer and at the interface boundary
between the binary n-FeAls and the ternary a-
(Fe,Al,Si) phase layers.

¢. Zinc, manganese, and other minor elements added to
the aluminum melt precipitate on the grain boundaries
of the ternary a-(Fe,Al,Si) phase layer.

d. Chromium, vanadium, and other minor elements pres-
ent in H-13 tool steel precipitate as phases in the
binary n-Fe,Als phase layers.

e. Soldering isadiffusion-driven process and the growth
kinetics adhere to the parabolic law. The rate equation
isX = 0.15 - t¥2, where X is the overall intermetallic
layer thickness in mm, and t is the time in hours.

3. A mechanism has been established for the reaction
between molten aluminum and theferrous die; the mecha-
nism consists of five stages:

a. erosion of phase boundaries on the die surface;

b. pitting of the die surface;

c¢. formation of iron-aluminum compounds and forma-
tion of pyramid-shaped structures of intermetallic
phases;

d. adherence of auminum on the pyramids of intermetal -
lic phases; and

e. straightening of erosion pits and intermetallic phases.

This knowledge base establishes the physical metallurgy
of theinterfacial reactions between molten aluminum and H-
13 die steel. These results explain the transport phenomena
controlling the 1.5 ratio observed between the intermediate
phase layer and the total soldered layer coexisting on top
of the die surface irrespective of the number of shots during
die casting.
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