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Abstract

Hot-shortness is brittleness in metals during high temperature deformation. In this study, surface hot-shortness of 1045 steels with
residual copper was investigated. Eight 1045 steels with differing copper contents, from 0.09 to 0.39% (by weight), were tested. High
strain rate compression tests of pre-bulged samples were used to simulate forging deformation conditions. It was found that oxidation time
and temperature are critical parameters for the control of hot-shortness. The testing was divided into two stages: stage one, in which the
steels were oxidized at different temperatures from 1100 to 1236r 10 and 30 min and subsequently deformed to determine the critical
temperature where the surface cracking becomes severe; and stage two, in which the steels were oxidized for 1, 3, 5, and 7 min at their
critical temperature, and then deformed. In the stage one testing, all steels oxidized for 10 min and subsequently deformed exhibited a
critical temperature. The critical temperature decreased with decreasing copper content, fré@ fbl®e steel with the highest copper
content to 1110C for the steel with the lowest copper content. A simple model based on copper enrichment and depletion along surface
grain boundaries is presented to explain these observations. Steels oxidized for 30 min and subsequently deformed did not exhibit severe
cracking at any temperature, but the steel with the highest copper content that was deformed @teitdited cracking. In stage two
testing, the results were less consistent. The steels with high copper content (0.39-0.32%) exhibited maximum cracking at shorter times,
while for the steels with medium copper content (0.30-0.21%) the maximum cracking occurred at longer times. No steel exhibited cracking
when oxidized at 1200C and subsequently deformed. The study shows that steels have a critical temperature at which cracking is severe.
Steels oxidized and deformed above the critical temperature did not exhibit hot-shortness surface cracking. Hence, a forging practice that
both maintains and deforms the steel above the critical temperature could reduce or eliminate surface hot-shortness due to residual copper
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction There was a significant amount of research performed
from the 1950s through the 1970s, in which the phenomenon
With the increased usage of steel produced from an elec-was identified and studied in detail. Electron probe tech-
tric arc furnace with its primary charge of scrap steel, copper niques were used to characterize the various elements in-
residuals in forging steels are increasing; hence, there is ayolved and their relationship. These studies confirmed what
renewed concern about surface hot-shortness due to coppefiad been previously assumed. In 1952, Gertsman and Tardif
residuals. [3] catalogued various situations in which copper present
Hot-shortness is not a new problem; it has been known jn steels resulted in surface cracking. The cracking was
since the early 1900s, when it was called red-shortfldss  worse if any significant amount of tin was present in the
The topic arose again in the late 1950s and 1960s, when thesteel. They were the first to identify that the oxidizing at-
amount of copper residuals increased in steels, and the steeiosphere also has a major influence on the problem. Later,
industry encountered production problef2}. In the late  Melford [4] confirmed that specific residual elements caused
1990s, the issue has once again taken on importance, mainlyyot-shortness. Tin was found to make hot-shortness worse,
for economic and environmental reasons. Numerous studiesand nickel proved to be beneficial. He stated that residual
and investigations have been performed to obtain a betterelements are catastrophic, and developed an empirical equa-
understanding of the problem and minimize its detrimental tion for the amounts of those residual elements that pre-
effects. vent hot-shortness. Nicholson and Murf®} investigated
the influence of soaking time and atmosphere (varying oxy-
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at which the surface cracking was most severe. Sfiifler at 1200°C than at 1100C. Seo et al[14], investigated the
determined the ternary phase diagrams of mild steel with surface hot-shortness in 0.1% C-0.5% Mn steels contain-
Cu—Ni, Cu-Sn, and Cu-Sh. They demonstrated the exis-ing 0.5% Cu, by means of tensile testing at high temper-
tence of the liquid and solid phases in these ternary type ature. They found that at 110C, an addition of 0.4% Si
systems. or 0.02% P was effective in decreasing the susceptibility to
Other research studies performed in the late 1960s andsurface hot-shortness. Although the oxidation rate was in-
1970s focused on the diffusion of copper in steels. Thesecreased as a result at 1200, the susceptibility to surface
studies attempted to provide a more precise description ofhot-shortness in all steels deceased compared withX1.00
the predominant mechanism for hot-shortness via copperAt 1200°C, for all steels, the oxidation rate was much higher
diffusion. These studies make clear that the diffusion of than at 1100C, but the amount of copper-enriched phase
copper in steel at high temperatures is principally along grain at steel/scale interface was reduced compared with that at
boundaries. The studies also provide a more precise estimatd 100°C. Other research studies focused on the strain rate
of the solubility of copper in steel at high temperatures. An dependence of copper embrittlement in st¢gf, and the
important conclusion resulting from these studies is that the influence of copper and tin on the hot ductility in steels
diffusivity of copper increases considerably with increasing [16].
temperaturg7—11]. The motive for these recent research studies is the need
In the late 1990s, there was a renaissance in the researcho find an economically viable solution for deforming steels
on hot-shortness in copper-containing steels. The Journal ofwith residual elements at high temperatures without crack-
the Iron and Steel Institute of Japan International [ISIJ Inter- ing. Due to these economic factors, it would be highly de-
national 37 (3) (1997)] dedicated a complete issue of their sirable to provide a solution focused on processing changes,
publication to the copper—iron system. The studies presentedrather than alloy modification. From the previous studies, it
in the issue of the journal show a new direction in the at- seems that shorter heating times, controlled atmospheres in
tempt to solve the problem, via processing strategies, ratherthe furnaces, or higher working temperatures are some op-
than with alloy modification. tions worthy of further investigation.
Imai et al.[12,13] provided a detailed description of the
metallic compounds found in the scale, scale/metal interface
and in the metal. They measured the contents of the ele-2. Experimental procedures
ments in those compounds and identified the phases from
the appropriate ternary phase diagrams. They state that th&.1. Experimental steels
amount of nickel necessary to prevent hot-shortness is half
of the copper content. This contrasts with what was pub- The steel used for this project is 1045, because of its
lished 20 years previously, which indicated the amount of simple chemistry and common utilization. It has a limited
nickel should be the same as that of copper to preventamount of alloy additions to confound the studwable 1
hot-shortness. In addition, they found no surface cracking presents the chemical compositions of the commercially
in the temperature range of 1200-13@) with or without produced steels, which were investigated. All the steels
the presence of nickel. They also indicated that the surfacemeet the specification for 1045, and they are identified
produced by oxidation at high temperatures was highly un- as shown inTable 1by their residual copper content. All
even. The reason attributed for the absence of cracks at thestéhe steels possessed a typical air-cooled, ferrite—pearlite
high temperatures is the rapid diffusion of copper in austen- microstructure. The average hardness of all the steels was
ite. The diffusivity of copper in iron is five times greater 57 HRA.

Table 1
Chemical composition of the experimental 1045 steels (by wt.%)
Element Steel

09 20 21 25 30 32 35 39
Cc 0.43 0.44 0.44 0.44 0.44 0.43 0.46 0.45
Mn 0.77 0.74 0.74 0.71 0.72 0.69 0.81 0.80
P 0.011 0.004 0.014 0.009 0.008 0.01 0.013 0.014
S 0.017 0.032 0.024 0.0193 0.0237 0.027 0.027 0.0153
Si 0.25 0.24 0.17 0.28 0.23 0.18 0.26 0.24
Cu 0.09 0.20 0.21 0.25 0.30 0.32 0.35 0.39
Ni 0.07 0.08 0.08 0.08 0.09 0.11 0.11 0.10
Cr 0.14 0.10 0.14 0.10 0.11 0.14 0.16 0.16
Mo 0.03 0.023 0.03 0.023 0.02 0.03 0.026 0.024
Sn n/a 0.007 0.014 0.009 0.009 0.014 0.01 0.011
\ 0.027 0.023 0.026 0.024 0.027 0.025 0.027 0.028
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conditions found in a forging practice that uses induction
heating.

Finally, the two steels with maximum amount of resid-
ual copper (Steels 39 and 35) were oxidized for 1 min at
1200°C (with heating rate of 10C/s). One thousand two
hundred degree celsius is the maximum temperature of the
test matrix. The test was performed to compare the results
of the steels with low residual copper content deformed at
their critical temperatures to steels with high residual copper
content deformed at a high temperature. It should be noted
that 1200°C is closer to the actual working temperatures in
forging operations.

| [ 5.000 25.000

@ 10.000

@ 15.250

(a) Dimensions in mm (b) ©

Fig. 1. Pre-bulged flanged test sample: (a) dimensions; (b) actual sample. . . .
2.4. Qurface crack measuring techniques and analysis

2.2. Testing methods In most of the samples, the cracking was distributed in
groups, instead of being uniformly distributed around the
Specimens of the steels were compressed on a Gleeblevhole circumference. This non-uniform distribution of the
1500, a thermo-mechanical servo-hydraulic testing device. cracks could be attributed to a localized concentration of
A flanged specimen was used. This is a pre-bulged speci-liquid copper, which when the sample is deformed causes lo-
men that has a larger diameter in the center to enhance thealized cracks and the development of more strain in the lo-
circumferential strain. Sekig. 1. Hot-shortness cracks de-  cal regions. The other factor contributing to the non-uniform
velop because of surface tensile stresses. As the pre-bulgedistribution could be a slight asymmetry of the sample,
sample is compressed, the central section with the larger di-resulting in non-uniform strain distributiorig. 2 shows
ameter expands and imparts circumferential tensile strain.an example of the crack distribution of a representative
The strain causes surface tensile stress, and cracking occursample.
Experimental efforts were made to measure and quantify
2.3. The test matrix the surface cracks. Examination of the surface of a sample
sectioned at its mid-height allowed counting and measuring
The test temperatures ranged from 1100 to IZDO of the width and depth of each crack that the cut inter-
where hot-shortness is reported both to occur and becomesects.
critical. The lower temperature (110Q) is just above Crack measuring was done automatically using image
the melting point of copper and the higher temperature processing techniques&ig. 3 shows an example of how
(1200°C) is above the reported critical hot-shortness tem- cracks are identified, measured, and counted. An image of
peraturd12-14]. The testing was separated into two stages. the sectioned specimen was captured digitally. Since the only
In the first stage of the testing, the steels were oxidized at relevant information of the test specimen was the surface
different temperatures for 10 and 30 min, temperatures weremorphology, a contrast image via digital image processing
1100, 1120, 1140, 1160, 1180, and 1200 The steels were  was obtained. The contrast image revealed only the circum-
oxidized inside a furnace in air. After the oxidation treat- ference with the cracking information. Each image contains
ment, the samples were air-cooled. Before reheating, the ex-more than 3 million pixels. The resolution of each pixel was
cess scale was removed using a wire brush. The samplesapproximately 2Qum, this puts a limit to the minimum crack
were then heated in the Gleeble at a rate of@3, held at size that can be identified and measured. To eliminate noise
the testing temperature for 30 s to stabilize, and deformedon the measurements, the depth of an identified crack had
at the highest axial speed that resulted in a circumferentialto be larger than a threshold value of 4@ (or 2 pixels).
strain rate of 153!, The main objective of these tests wasto As a result, the minimum crack size measured wap.m0
determine the critical temperature at which the cracking is deep and 2Q.m wide.
most severe. The critical temperature is defined as the tem- All digital processing was performed using Image J soft-
perature that exhibits the largest amount of surface cracking.ware developed by the National Institute of Health (NIH).
In stage two testing, the steels were tested at the criti- Once the contrast image was produced from the digital pic-
cal temperature found in stage one, for varying oxidizing ture, the brightness and the contrast were adjusted to ob-
times. The focus of this stage of testing was to study and un-tain a clear circumferential silhouette. Every point on the
derstand how oxidation time affects cracking. The samples circumference was stored in a data file. These data were
were oxidized directly in the Gleeble. Samples were heated then processed to produce a radius profile. A measuring rou-
at a rate of 10C/s, then held at the testing temperature for tine counted each crack and provided width and depth data
1, 3, 5, and 7min, and then deformed at a circumferential for each crack. A unit called “crack index” was defined.
strain rate of 153!. This stage was designed to simulate the Crack index is the sum of the product of the width times
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4 mm

(b)

Fig. 2. Hot-shortness surface cracks of a steel with 0.35% copper, oxidized at@¥6010min: (a) the cracks in groups; (b) close up of the surface
cracking.

Fig. 3. Individual crack identification and measuring to determine the crack index. Four cracks are shown. Vertical arrows indicate depth and horizontal
arrows indicate width.
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the depth of each identified crack. The crack index calcula- oxidized for 30 min, the critical temperature shown by the
tion assumes that the crack has a rectangular strage3 crack index measurement is consistently found near 1C40
shows that this assumption is reasonable. The crack indexThe values of the crack index are high only for Steel 39 and
has units of area (i.e. mfhand provides a good represen- Steel 35. For the remaining steels, severe cracking does not
tation of the surface cracking conditions. The crack index occur.

accounts for both the size and the number of cracks on the

surface. 3.2. Sage two results

The critical temperatures for stage two testing were se-
3. Results lected from visual observation of the surface photographs
of the deformed sample3able 2presents the critical tem-
The results of the present work are separated in two parts,peratures selected as test temperature for stage two tes-

corresponding to the two testing stages. ting.
Fig. 7 presents results of Steel 39 deformed at 1°150
3.1. Sage one results after various oxidation times. In the photographs one can see

that the cracking is extensive for oxidation time of 1 min.
Fig. 4 presents the photographs for Steel 39, which was The cracking decreases and then appears to slightly increase
oxidized for 10 min and deformed. The photographs illus- again at 7 min of oxidation. The crack index plot for all the
trate that the cracking is present at almost all the temper-steels (except Steel 09, which exhibited no cracking), are
atures, but it is minimal for 1100 and 1200, and it is shown inFig. 8.

more pronounced between 1140 and 1160The crack in- For the samples with high copper content, such as Steels
dex plots for all the steels oxidized for 10 min are shown in 39, 35, 32, and 30, there is a maximum amount of cracking
Fig. 5, and the plots for 30 min are shownFiy. 6. at 1 min. As the copper content decreases, the critical tem-

Critical temperature is defined as the temperature at which perature decreases as well, and there is an increase in crack-
the most cracking occurs. The samples in stage one, oxidizedng at longer times. This trend is seen in Steels 32, 30, and
for 10 min, showed a critical temperature for cracking. The 25. For Steels 21 and 20 (those with lower copper content),
maximum critical temperature occurs in Steel 39 between there is minimal cracking variation for the various oxidation
1140 and 1160C, and the critical temperature decreases times. Also, the crack index values for stage two tests are
with the copper content. Also, the maximum value of the significantly lower, as compared to the values determined
crack index decreases with copper content. For the samplesluring stage one tests.

1160°C 1180°C 1200°C

Fig. 4. Steel 39 oxidized for 10 min at different temperatures and deformed.
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Fig. 5. Crack index measurements for (a) Steel 39, (b) Steel 35, (c) Steel 32, and (d) Steel 30, oxidized for 10 min and deformed. Crack index
measurements for (e) Steel 25, (f) Steel 21, (g) Steel 20, and (h) Steel 09, oxidized for 10 min and deformed.

Tables 3 and gresent a summary of the principal values This crack index values are as low as the crack index values
obtained from the different tests. from Steel 09.

3.3. Oxidation and deformation at 1200 °C . )
4. Discussion

Steels 39 and 35, those with the highest copper contents, )
were tested at the highest temperature of the test matrix,4-1. Siage one testing
1200°C. Samples of these steels were oxidized for 1 min o _
and then deformed. The 1200 temperature is closer tothe ~ The samples that were oxidized for 10 min and then de-
actual temperatures that the steel would see in typical forging formed prqduced a variety of crack sizes and Q|str|but|o_ns
industry conditions. The oxidation time for the sample size for the various steels. The temperature at which cracking
is also fairly realistic. The samples were analyzed to obtain

the crack index, and the values are presentedaible 5. Table 3
Critical temperatures and crack index values from stage one tests

Steel  Oxidized for 10 min Oxidized for 30 min
Table 2
Critical temperatures for stage two testing Critical Maximum Critical Maximum
temperature  crack index  temperature  crack index
Steel Critical temperature {C) ©C) (mn?) C) (mn?)
39 1150 39 1160 1.00 1140 1.80
35 1145 35 1160 1.20 1140 0.20
32 1135 32 1140 0.85 1140 0.20
30 1130 30 1140 0.75 - 0.20
25 1115 25 1120 0.75 — 0.30
21 1115 21 1120 0.40 - 0.25
20 1110 20 1100 0.50 — 0.25

09 1100 09 1100 0.20 - 0.20
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Fig. 6. Crack index measurements for (a) Steel 39, (b) Steel 35, (c) Steel 32, and (d) Steel 30, oxidized for 30 min and deformed. Crack index
measurements for (e) Steel 25, (f) Steel 21, (g) Steel 20, and (h) Steel 09, oxidized for 30 min and deformed.

is most significant is called the critical temperature. The oxide and diffuses into the steel. The oxidation process is a
most important feature of the critical temperature is that it parabolic function of time; hence, enrichment of copper in
decreases with decreasing copper contBig. 9 shows a the steel is also a parabolic function of time. The oxidation
graph of the critical temperature as a function of copper con- rate is temperature dependent, so the enrichment rate is both
tent. The crack index also decreases with copper content, agemperature dependent and directly dependent on the amount
shown inFig. 10. of residual copper. For a given temperature the higher is the
The balance between enrichment and dispersion of copperamount of residual copper, the higher will be the enrichment.
explains the decrease in critical temperature and crack indexAs the temperature increases, both oxidation and enrichment
with decreasing copper content. This is a rational theoretical rate also increase.
model that accounts for these maximums. The enrichment process is balanced by the dispersion of
Copper enrichment at the interface occurs via oxidation of copper. The dispersion process occurs via solid-state diffu-
the steel surface; during oxidation copper is rejected by the sion of copper in iron. This diffusion involves two competing
mechanisms, matrix diffusion and grain boundary pene-
tration. The working temperature where the hot-shortness
is significant is the break point of these two mechanisms.

Table 4 Grain boundary penetration predominates up to the point
Critical times from stage two tests

Steel Temperature {C) Critical time (min) Table 5

39 1150 1 Crack index values for Steel 39 and Steel 35 compared with Steel 09
35 1145 1 Steel  Crack index (mR)

32 1135 1

30 1130 7 1140°C for 1140°C for 1110°C for 1200°C for

25 1115 7 10min 30min 1min 1min

21 1115 5 09 0.28 0.25 0.010

20 1110 5 39 0.65 1.60 0.015

09 1100 - 35 0.75 0.24 0.025
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5 min 7 min

Fig. 7. Steel 39 oxidized at 115C for different times and deformed.
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Fig. 8. Crack index measurements for (a) Steel 39, (b) Steel 35, (c) Steel 32, and (d) Steel 30, oxidized at critical temperature for 1, 3, 5, and 7 min anc
deformed. Crack index measurements for (e) Steel 25, (f) Steel 21, and (g) Steel 20, oxidized at critical temperature for 1, 3, 5, and 7 min and deformed



L.G. Garza, C.J. Van Tyne/Journal of Materials Processing Technology 159 (2005) 169-180 177

1180 T T T T T T T T capper concentration at the
| - ] grain boundaries
> . - o diffusion ——,, steel with 0.39% Cu
<. 1160 — +4 £ planar front
et S 5 ]
= ’ g o
S 1140~ A+ - 5
g— B . ’ ’ T % — copper concentration at the
(] . — £ grain boundaries
i: 1120 :t, + B = 7 steel with 0.30% Cu
S T R . 2
£ 1100 . 7 2
z I + - + ] 5 -
[ 4 | [ [ T = critical temperatures shift to the
1080 . . : : ] left, to lower temperatures
0 0.1 02 03 0.4 g ’
% Cu (by weight)
T I ' I ' \
Fig. 9. Critical temperature for cracking as a function of residual copper 1000 1100 1200 1300

content.
Temperature [°C]

where the diffusion coefficient is high enough to develop a Fig. 11. Schematic illustrating the competition between enrichment and
planar diffusion front, as indicated {a]: dispersion of copper in grain boundaries near the surface of the specimen.

VDt>> z (1)

dependent on temperature and copper content of the steel.
whereD is the diffusion coefficient of copper in ironthe This hypothesis is consistent with the results of the experi-
time, andz the grain boundary thickness. The square root mentation that showed a maximum in hot-shortness occur-
of the product of diffusion coefficient and time starts get- rence at a certain temperature and copper content.
ting large for diffusivities around the working temperatures  The size of the cracks observed in photographs and the
and the times from 5 to 10 min. As an example, the diffu- crack index measurements for the samples oxidized for
sion coefficient increases exponentially with temperature: 10 min are much larger than at any other times. The excep-
between 1100 and 120C it increases five times. tion was Steel 39, in which the maximum cracking occurred
The enrichment, dispersion and grain boundary penetra-after oxidation for 30 min at 1140C. A 10 min oxidation
tion are all connected mechanisms that give a tempera-was able to produce enrichment zones sufficient to cause
ture window where hot-shortness occufsy. 11shows a  cracking in most of the steels at different temperatures of
schematic illustration of the competing phenomena as athe test matrix.
function of temperature: enrichment, grain boundary pene- The samples oxidized for 30 min did not exhibit a vari-
tration, and dispersion (matrix diffusion). The enrichmentin- ation in the critical temperature. Steels 39, 35, and 32 all
creases with temperature, and is directly proportional to the showed maximum cracking at 1140. The critical temper-
amount of residual copper. The grain boundary penetration isature of 1140C agrees with the temperatures published in
an active mechanism, and it is dependent on the enrichmenthe literaturd3-5,12,13]. The other five steels did not have
itself. Without a sufficient amount of copper coming fromthe  significant cracking, and therefore did not have a critical
oxide front, there is no significant copper concentration at temperature. These results indicate that all the steels at this
the boundaries. As the grain boundary penetration becomegonger time have achieved a steady state. The amount of cop-
significant, it diminishes with temperature; as the diffusion per rejected by the oxide and the dispersion of the copper
coefficient increases, it promotes a planar diffusion front. into the metal is at a steady state. The steady state condition
All these mechanisms result in a maximum copper grain also contributes to the fact that the crack index values are
boundary concentration that could develop in hot-shortness, not high.
For Steel 39, the maximum crack index value was found
14 —— —— at oxidizing time of 30 min; whereas all the other steels had
+ . greater crack index values after oxidizing at 10 min. One of
/’ the differences of Steel 39 as compared to the other steels in
,/ + the test matrix, besides having the highest copper content, is
,_/'_"' that it has a Cu/Ni ratio which almost reaches a value of 4.
- For this Cu/Ni ratio, the solidus line from the copper—nickel
binary phase diagram is approximately 1260 The critical
temperature for this steel in the samples oxidized at 10 min
is closer to the solidus line of the system. This observation
I BT is an indication that Steel 39 may behave differently than the
0.1 02 03 04 others.Fig. 12 presents the critical temperature of the steel
% Cu (by weight) . . . .
oxidized for 10 min as a function of the copper to nickel
Fig. 10. Maximum crack index as a function of residual copper content. ratio, and the solidus line from the binary Cu—Ni phase dia-
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gram.Fig. 12does not explain why there is a shift in critical Tume rmines]

temperature when oxidization for Steel 39 increases from 10 Fig. 13. Extrapolation of the crack index measurements for (a) Steel 32,
to 30 min. However, it does provide a reason why Steel 39 (b) Steel 30 and (c) Steel 25.
has more severe cracking, regardless of the oxidation time,

as compared to the other seven steels in the study. reach the same values as was found during the stage one
_ testing at 10 min as shown Fig. 14.
4.2. Stage two testing It is difficult to provide a full explanation for all these ob-

servations. It should be noted that there are several parame-
During stage two testing, the primary parameter investi- ters changing when stage one data are compared with stage
gated was oxidation time before deformation. The deforma- two data. The copper content varies among the steels, which
tion temperature for each steel was chosen to be the criticalleads to variations in the enrichment rates. The testing tem-
temperature as determined by stage one testingigggle 2).  perature is not the same for all the steels during stage two
None of the eight steels exhibited severe cracking after de-testing, but is at the temperature associate with the maximum
formation. The crack index maximums during the stage two amount of cracking found during stage one. The variation
testing series did not exceed a value of 0.5%whichrepre-  in temperature affects the diffusivity of copper in steel, and
sents a moderate amount cracking. The surfaces exhibit verythus affects the dispersion rates. The experimental oxidation
small cracks as compared with the specimens from stagemethod is somewhat different between the two stages of test-
one. ing. Nevertheless, there are two possible explanations or in-

One of the more peculiar results during stage two testing terpretations of the observed data. One is that for steels with
is the critical oxidation time and the variation of this critical

time with copper content in the steel. For Steels 39, 35, and

32, the maximum cracking occurs with an oxidation time of R T 71 1,
1min. Steels 30 and 25 show maximum cracking occurring 08 ox(igfz‘:ﬁ:/“lf;uoc _
at an oxidation time of 7 min, rather than 1 min. Steel 32 has — v

a maximum in the cracking index at 1 min, then the crack E 041 + A
index value falls to a minimum at 5min, and rises again at £

7 min. Likewise, Steel 30 starts with high cracking at 1 min, Kool t '

falls to a minimum at 3min, and rises at 5 and 7 min. In E | L | [
contrast, Steel 25 starts at a minimum crack index value < 08l oﬁﬁiﬁ&;c =
at 1 min, which continues rising with time. All these three =
steels (32, 30 and 25) exhibit a crack index variation with © o4+ + 4 e —
time. If this index is extrapolated to 10 min of oxidation, it + 'II- 'II' T |
yields a crack index value that is equivalent to one found 0 1 5 s . 9 "

during stage one testing, in which the oxidation time was
10 min, as shown ifrig. 13.

For Steels 39 and 35, extrapolation of the stage two datarig. 14. Extrapolation of crack index measurements for (a) Steel 39 and
to 10 min is more difficult to rationalize, since they do not (b) Steel 35.

Time [minutes]
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significant copper residual content, there are two critical ox- since it has the highest Cu/Ni ratio of the steels studied;
idation times. The first is soon after the oxide layer forms, the effects of the nickel as a crack suppressor would be the
due to the abrupt enrichment from oxidation and rapid pen- least in this steel. Steel 39 exhibited the greatest amount of
etration into the grain boundaries. Subsequently, the disper-cracking at its critical temperature, which is consistent with
sion process accommodates the excess of copper along théhe beneficial effects of nickel on copper residual cracking.
grain boundaries evolving into a steady state situation. This
would explain the behavior seen in Steels 39, 35, and 32.
Steels 30 and 25 do not receive sufficient enrichment to wet5. Summary
the boundaries during the early oxidation times. Even when
the oxide layer is growing, and enrichment is occurring, the By deforming steel specimens at high temperature after
temperature at which the test is being conducted is lower, varying oxidation times, forging was simulated, with the in-
causing the diffusion to be reduced. The low temperature tention of investigating hot-shortness due to residual cop-
and the smaller amount of copper available can delay pen-per. The results from the testing performed throughout the
etration into the grain boundaries. These two effects, both project showed that hot-shortness is the result of two com-
a slow enrichment and slow dispersion (due to slow diffu- peting processes: oxidation rate causing copper enrichment
sion), could explain the maximum cracking being delayed to along the grain boundaries, and diffusion causing dispersion
longer oxidation times. The second explanation is that there of copper from the grain boundaries.
is some other process, such as internal oxidation, occurring Several plain carbon 1045 steels with copper residual
at the same time. More experiments and analysis would becontents from 0.09 to 0.39% (by weight) were tested under
needed to prove the occurrence of a competing process. different conditions. First, the steels were oxidized and sub-
sequently deformed at different temperatures, for oxidation
4.3. Industrial insights times of 10 and 30 min. Secondly, the steels were oxidized
for different periods of time at their critical temperature, in
One of the main industrial objectives of the present project an attempt to understand the kinetics of the phenomena.
was to evaluate the newer processing conditions used in The steels oxidized for 10 min and then deformed exhib-
modern forge shops that might allow the use of higher cop- ited a critical temperature at which the cracking was most
per residual contents to be used for forging without the fear severe. As the residual copper content decreased, the criti-
of major surface cracking. As such, special tests were run cal temperature decreased as well as the amount of cracking
using Steels 39 and 35. The steels oxidized for 1 min and de-in the steel decreased. The steels oxidized for 30 min and
formed at 1200C. They did not exhibit any cracking. The subsequently deformed did not show a significant variation
roughness of the surface of these samples were comparablé cracking with temperature. The temperature at which the
to the roughness found in the steels with very low copper cracking became critical was 1140 for all the steels that
content, such as Steel 09. It is believed that at such highexhibited a maximum point. The constant critical temper-
temperatures the dispersion rate is much higher than theature suggests that the oxidation treatment of 30 min was
enrichment rate, and the high diffusivity promotes a planar sufficient to create a steady-state situation for the rates of
penetration front not allowing grain boundary accumula- enrichment and dispersion of copper along the surface grain
tions; hence, not wetting the grain boundaries. These two boundaries, irrespective of copper content.
results are very encouraging, since the real working temper- Results from the time variation testing (stage two) showed

atures for forging of 1045 steel are around 1260 At in- that the steels with higher copper content had a maximum
dustrial forging temperatures, the dispersion should be evenamount of cracking at short oxidation times; whereas, for
higher. steels with medium copper content, the point of maximum

If the working temperature drops below 120D, and the cracking occurred at longer oxidation times. The steels with
copper content is as high as Steel 39, hot-shortness couldower copper content did not exhibit severe cracking for any
occur. It has been proven that for steels with high copper of the oxidation times tested. It should be noted that the
residual content, there is a critical temperature at which sur- critical temperature decreases with copper content, and the
face cracking is a maximum. If the deformation temperature enrichment rate is directly related to the copper content of
is below the critical temperature or above the critical tem- the steel. At the lower temperatures, the dispersion process
perature, the cracking due to hot-shortness will be less. is less rapid due to slower diffusion of copper into the steel.

One recommendation, which has been advocated over the
years to prevent or eliminate hot-shortness, is the addition
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