—-— g

£ @& Science
ELSEVIER Press

Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 26(2016) 1589-1597

Transactions of
Nonferrous Metals
Society of China

WWWw.thmsc.cn

Hot workability of cast and wrought Ni—42Cu alloy
through hot tensile and compression tests

M. ARJMAND', S. M. ABBASI?, A. KARIMI TAHERI', A. MOMENT®

1. Department of Materials Science and Technology, Sharif University of Technology, Tehran 11365-8639, Iran;
2. Metallic Materials Research Center, Maleke Ashtar University of Technology, Tehran 1774-15875, Iran;
3. Department of Materials Science and Engineering, Hamedan University of Technology, Hamedan 6516913733, Iran

Received 17 July 2015; accepted 31 January 2016

Abstract: In order to analyze the flow behavior and workability of Ni—42Cu in cast and wrought conditions, hot deformation tests
were performed at temperatures and strain rates within the ranges of 900—1150 °C and 0.001-1 s ', respectively. Tensile tests showed
a “hot ductility trough” at 950 °C for both alloys. The drop in hot ductility was more considerable in the cast alloy because of the
sluggish dynamic recrystallization. The hot ductility drop and grain boundary cracking, particularly in the cast alloy, were attributed
to the segregation of detrimental atoms to the boundaries. It was shown that the hot ductility of the wrought alloy could be improved
with increasing strain rate. It was associated with increasing the fraction of dynamic recrystallization at higher strain rates. This
finding corroborated the change in the mechanism of dynamic recrystallization with strain rate. The strain rate sensitivity and
instability parameters calculated for the wrought alloy showed that the material is prone to strain localization at low temperatures, i.e.,
950-1050 °C, and high strain rates of 0.1 and 1 s™'. Based on the tensile and compression tests, the best temperature range for a

desirable hot workability was introduced as 1050—1150 °C.
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1 Introduction

Ni—Cu alloys, sometimes known as Monel, are
generally introduced due to their good strength,
toughness and excellent resistance against corrosion [1].
They are usually strengthened by solid solution,
precipitation hardening, work hardening and grain
refinement [2]. The precise control of processing route is
therefore very crucial to achieve a refined microstructure
and desirable mechanical properties.

In general, alloying elements that are routinely
added to raise strength, often lead to degrading hot or
cold workability. Therefore, an in-depth understanding of
the underlying mechanisms of deformation under
different processing conditions is essential to find the
best processing regime. Hot workability is usually
restricted by a set of reasons from either metallurgical or
mechanical origins. The segregation of detrimental
elements such as sulfur, phosphorous or even tin to grain
boundaries has been found as the most serious
metallurgical problem which limits hot workability [3].
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The drastic decrease in the hot ductility of different steel
grades termed as “hot ductility trough” has been
attributed to the role of some detrimental elements,
particularly sulfur [4—6]. In addition to these effects,
some microstructural processes such as dynamic
recovery (DRV) and dynamic recrystallization
(DRX) play an important role in improving hot
workability [7-9].

The concept of dynamic restoration processes (DRV
and DRX) and their significance from the industrial and
scientific points of view have been the topic of many
investigations in the past decades [10—14]. The
occurrence of DRX during hot working of pure Ni has
been well documented, e.g., in the work done by
SRINIVASAN and PRASAD [15]. However, for the case
of Ni—Cu alloys, controversies over the mechanism of
dynamic restoration have still remained unresolved.
Although the processing map for Monel K500 has
indicated a wide region of stable flow at low to medium
strain rates associated with DRX [16], LI et al [17]
reported that very high strain rates, in order of 10> s™', are
necessary to propel DRX in Monel 400 (Ni—30Cu) alloy.
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More recently, EBRAHIMI et al [18] have shown that
the mechanism of DRX in Monel 400 depended on the
processing condition. These controversies intensify the
concerns regarding the hot workability of Ni—Cu alloys
and signify the necessity of more investigations into this
topic. In this research, the hot workability of Ni—42Cu
alloy and its safe processing regimes have been studied
by conducting hot tensile and compression tests at
different temperatures and strain rates. It has been tried
to correlate the observed mechanical results with
microstructural characterizations in different deformation
regimes.

2 Experimental

The Ni—42Cu alloy used in this investigation was
prepared by sand casting with the chemical composition
given in Table 1. After electro slag remelting and
homogenization at 1000 °C for 3 h, some tensile samples
were prepared to study the hot workability of the cast
alloy at different temperatures. Based on the results of
the hot tensile tests, the second part of the ingot was
hot-rolled within the temperature range of 1100—1000 °C
with a 70%—80% reduction to produce the as-rolled
wrought material for further investigation. Figure 1
shows the starting microstructure of the cast and rolled
samples before performing the designed testing
procedure.

Table 1 Chemical composition of Ni—42Cu alloy (mass
fraction, %)

C Si Fe Mn Cu Ni
0.25 0.15 0.2 1.25 42.2 Bal.

The tensile test samples of the cast and rolled
materials were prepared according to the ASTM ES8
standard. Hot tensile tests were carried out on an Instron
8502 universal machine at temperatures of 800, 900, 950,
1000, 1050 and 1100 °C for both materials. In addition,
some tests were conducted at 0.001, 0.01,0.1 and 1 s~ to
study the effect of strain rate on the hot workability of
the wrought alloy.

Some cylindrical compression samples, 10 mm in
diameter and 15 mm in height, were also prepared from
the wrought alloy, based on ASTM E209 standard, to
further investigate the hot workability under hot
compression testing. The hot compression tests were
carried out on the same machine within the temperature
range of 950—1150 °C and at the same four strain rates.
In order to eliminate any temperature gradient in the
samples, 10 min soaking was performed before each
testing (tensile or compression). After the tests, the
deformed samples were quenched in water to freeze the
deformed microstructure for further microstructural

investigations. For optical characterization of micro-
structures, deformed samples were prepared by the
standard metallographic techniques and then chemically
etched in a reagent composed of 10 mL nitric acid and
10 mL acetic acid.

Fig. 1 Starting microstructures of Ni—42Cu alloy in cast (a) and
wrought (b) conditions

3 Results and discussion

3.1 Hot workability of cast material in tensile tests
Figure 2 demonstrates the true stress—strain curves
of the cast materials at different deformation
temperatures and a strain rate of 0.01 s . The typical
influence of temperature is clearly observed, so the flow
stress level decreases as deformation temperature rises.
However, the influence of temperature on the total strain
to fracture (&) is not as expected. It is observed that &
reaches the minimum of 0.03 at 950 °C and increases at
lower or higher temperatures. It is therefore fair to say
that the cast material exhibits better hot workability at
800 °C and 900 °C than at 950 °C. At temperatures
beyond 950 °C, & increases by about 30% from 0.06 at
1000 °C to 0.078 at 1100 °C. This in turn reflects
better hot workability in the temperature range of
1000—1100 °C compared with lower temperatures
(800—950 °C). The variation of total elongation with
tensile temperature presented in Fig. 3 represents the
pronounced hot ductility trough at 950 °C. The reason
for such a degradation, based on our general knowledge,
can be attributed to the segregation of S atoms to the
grain boundaries, which leads to their weakening. The
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similar hot workability degradation has been reported in
Cr—Mo steels, Fe—Ni—Co and Fe—Ni alloys due to the
segregation of S and P atoms to the grain boundaries in
critical temperature range of 1000—1050 °C [3,4,6]. The
current results indicate that this detrimental effect cannot
be eliminated even after refining by ESR. Therefore, the
only way to avoid the hot ductility trough is to carry out
hot working beyond the critical temperature. The
comparison of current results with those reported in the
literature for different steel grades [3,4,6] shows that hot
ductility trough in Ni—Cu alloys is severer. The hot
ductility trough for Fe—29Ni—17Co alloy has been
reported [3] to be about 10% at 1050—1100 °C, while for
current alloy, hot ductility drops by about 60% as
temperature rises from 900 to 950 °C.
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Fig. 2 True stress—strain curves of cast material at different
temperatures and strain rate of 0.01 s
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Fig. 3 Variation of total elongation with tensile temperature in
cast alloy (Hot ductility trough is observed at 950 °C)

Although the difference strongly depends on the
concentration of S in material, the tendency for
segregation which is related to the grain boundary
specific energy (yg ) should not be neglected. There are
some evidences which support that nickel has higher yg,
than other FCC materials such as Ag, Al, Au, Cu and

austenitic stainless steels [19]. In Ni—Al alloys, the
segregation of Ni atoms to the grain boundaries increases
7 [20]. Some reports on Monel 400 [18], Ni-bearing
steels [11,21] and some Ni-based superalloys [14] have
stated that the high value of y, even changes the
mechanism of DRX.

According to the literature, it is reasonable to agree
that the higher the grain boundary energy is, the greater
the tendency for atomic segregation is. The drastic hot
ductility drop in the current alloy can be therefore
attributed to the great tendency of S atoms for the
segregation to the high-energy grain boundaries of Ni.

Figure 4 shows the microstructures of the hot tensile
samples near the fractured surface. The micrographs help
to correlate the results with the
microstructural evolution. As seen, the starting dendritic
microstructure of the cast material tends to undergo DRX
when it is hot deformed. The micrographs clearly
illustrate the increase of grain boundaries with the
increase of tensile temperature which accelerates DRX.
As it is clearly observed, Figs. 4(a) and (b) are
characterized by large grains which should be associated
with the initial cast structure. It is well-known that hot
working favors homogenizing heat treatment to break
down the dendritic microstructure to an equiaxed one.
Therefore, it seems that dynamic homogenization is the
predominant microstructural phenomenon at 800 and
900 °C. However, at 950 °C, the remarkable increase in
the density of grain boundaries can be regarded as the
assign to the occurrence of DRX. Due to the same reason,
the segregation of S atoms to the newly formed grain
boundaries gives rise to the observed drop in hot
workability. The grain boundary cracks which seem to
originate from the arrowed triple junctions are another
reason for the grain boundary weakening.

tensile test

3.2 Hot workability of wrought material in tensile

tests
3.2.1 Effect of temperature

Figure 5 represents the true stress—strain curves
of the wrought material at different deformation
temperatures. At the first view, it is observed that the
wrought material exhibits better hot workability, so that
the ratio of &,wrought/ €cast 1i€S in the range of 4—6 for the
studied temperature range. This is easily attributed to the
homogenous chemical composition and equiaxed grain
structure (as seen in Fig. 1(b)) formed during previous
hot rolling in the wrought alloy. The assessment of total
elongation and reduction in area of the deformed samples
in Fig. 6 shows that the wrought material suffers from
hot ductility trough at the same temperature of 950 °C.
Therefore, it is elicited that the hot workability
degradation, due to the S atoms, mostly depends
on temperature and not on the initial microstructure.
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Fig. 4 Microstructures of hot tensile samples of cast material at strain rate of 0.01 s ' and different tensile temperatures: (a) 800 °C;
(b) 900 °C; (c) 950 °C; (d) 1000 °C; (e) 1050 °C; (f) 1100 °C
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Fig. 6 Variation of total elongation and reduction in area for
Fig. 5 True stress—strain curves of wrought material at different

wrought alloy as function of tensile temperature showing same
temperatures and strain rate of 0.1 s~

hot ductility trough at 950 °C
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However, Figs. 3 and 6 clearly show that the intensity of
hot ductility drop depends on the initial microstructure.
Although the hot ductility drop for the cast material is
about 60%, it is only about 40% for the wrought alloy.
The better response of the wrought material to hot
working at the critical temperatures, i.e., around 950 °C,
can be ascribed to its finer grain structure which is
capable of accommodating segregating atoms uniformly.
Unlikely, in the cast material, the grain boundary
network is not well-developed at low strains, leading to
populating the detrimental atoms at some positions, such
as the triple junctions, and thereby decreasing hot
ductility drastically.

The microstructures of the tensile samples near the
fracture surface, shown in Fig. 7, can be considered in
view that how DRX progresses with increasing
temperature. The micrograph at 800 °C (Fig. 7(a)) shows
the early stages of DRX, in which some large elongated
grains have been surrounded by irregular grain

boundaries and some microcracks (dark regions). The
micrographs of the tensile samples at 900 and 950 °C,
shown in Figs. 7(b) and (c), are characterized by a large
number of DRX new grains along with some preexisting
deformed grains. It is worthy to note that due to the hot
ductility drop at 950 °C, more microcracks can be
observed near the fracture surface in Fig. 7(c). At
1000 °C and higher temperatures, i.e., Figs. 7(d)—(f),
microstructures reflect complete DRX and increasing
temperature only leads to larger grain size due to grain
growth.
3.2.2 Effect of strain rate

The influence of strain rate on the hot ductility of
the wrought alloy at 1050 °C is shown in Fig. 8. It is
clearly seen that as strain rate rises, the hot ductility
increases. The results of Fig. 8 are in contrast with our
general knowledge that DRX is usually decelerated as
strain rate rises. Indeed, this concept is not always true
and may be overturned with a change in the mechanism
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Fig. 7 Microstructure evolution in wrought material hot-deformed at strain rate of 0.1 s~

(b) 900 °C; (c) 950 °C; (d) 1000 °C; (e) 1050 °C; () 1100 °C

and various temperatures: (a) 800 °C;
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Fig. 8 True stress—strain curves of wrought material at 1050 °C
and different strain rates

of DRX. In addition, another source of this paradox
arises from neglecting the effect of strain rate on the
kinetics of void nucleation and growth. In order to assess
the hot ductility under certain deformation condition,
both DRX and void formation, which work
concomitantly, should be considered. The nucleation of
void is controlled by stress and its growth needs strain.
Hence, at high strain rates, in which there is not enough
time for voids to grow, fracture is actually controlled by
void-nucleation. This means that at high strain rates,
more voids with lower growth rate can coalesce and lead
to fracture. For this to happen, larger strains are needed

M. ARJMAND, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1589-1597

to form enough voids for fracture and this means better
hot ductility. The improvement of hot ductility with
increase in strain rate has also been reported in the
literature for some steel grades [3,22,23]. On the
contrary, at low strain rates, fracture is naturally
strain-controlled, which means that fewer voids can grow
to coalesce and lead to the final fracture. The influence
of strain rate at tensile temperature of 1050 °C on the
microstructural evolution of the wrought material is
shown in Fig. 9. In contrary to our expectation, the
micrographs show that increasing strain rate has a
positive effect on the progress of DRX. EBRAHIMI
et al [18], in their work on the hot deformation behavior
of Monel 400 and some other researchers who studied
Ni-rich alloys [11,14,21], claimed that the mechanism of
dynamic softening changes from classical discontinuous

DRX to a kind of continuous one (CDRX) as

temperature rises or strain rate decreases. The current

results confirm those reported in the literature and show
that the improvement of hot workability in Fig. 8 should

also be associated with more progressed DRX at higher
strain rates.

3.3 Hot workability of wrought material in
compression tests
Figure 10 shows the representative true stress—strain
curves of the wrought material at different temperatures
and strain rates. As observed, the flow curves, unless
those pertaining to strain rate of 1 s', indicate a nearly
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Fig. 9 Microstructure evolution in wrought material hot-deformed at 1050 °C and different strain rates: (a) 0.001 s™'; (b) 0.01 s°';
(©01s;(d1s"!



M. ARJMAND, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1589—-1597

160
(a) s = = = - -\ . .
140+ w 157!
5 2B \()Al s}
/0.0l g1
0.001 s7!

True stress/MPa

8 : . ‘ ‘ .
0.1 02 03 04 05 06 07 08
True strain
120
(c) o
S
100 e e e
& -
80 - g
Q-;: l.‘ a8, AAAQAAAAﬁﬂAAAAAAAKAQ-AIASA
% 60 e
£ . 0.01s™!
xA*”‘XKx"X"""*uxxxxxxxXx,& oK XK K X g X
2 40 ¥
B £
2 0.001 s7!
20
U 0.1 02 03 04 05 06 07 08

True strain

1595
160
(b) L
140} 7 Is™
e = " = " " -
120‘ = 0.1 S*l
I aaaaméh“%m“‘a“‘ﬁ“““M
% 100' .l AMMMM
= 0.01 5!
,,u_.i 80 " xxx"x”‘x"xxx,,xxx)(xxx"‘xxx"Cxxx)(dx XK x
g 60 1
0.001s
& 40
20
0" 01 02 03 04 05 06 07 08
True strain
100
(d)
KR XHNX XX 3 XK 00%
80 o I
£ 60
= 0.1s!
% [ L [ [] -
g 40
g it a4 <0015
= K ¢
2D'ﬁf 0.001 57!
»
Ll

03 04 05 06 07 08
True strain

0.1 02

Fig. 10 Representative hot compression true stress—strain curves of wrought alloy at various strain rates and temperatures: (a) 950 °C;

(b) 1000 °C; (c) 1100 °C; (d) 1150 °C

long steady state condition after work hardening. As the
feasibility of DRX was confirmed through hot tensile
tests, the slow work hardening rate or steady state flow
behavior in the flow curves of Fig. 10 can be associated
with DRX. However, as EBRAHIMI et al [18] reported
in their work, its mechanism has not been well
understood. The absence of pronounced flow softening,
as observed in other materials prone to DDRX, is a
source of concerns regarding the hot workability of the
material under the some deformation conditions. The
strain rate sensitivity parameter (m) can be used as an
index to assess hot workability in various deformation
regimes. It is often defined as the variation of flow stress
with strain rate, based on the viscoplastic power-law
equation, given by
=7 M

Ing

By adopting a typical strain of 0.4, the values of m
were determined at various deformation temperatures
and strain rates. The developed window for m in Fig. 11
shows the regions having the smallest m value at 950 and
1000 °C, particularly at high strain rates. Although m
value often reflects the resistance of material to flow
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Fig. 11 Strain rate—temperature map of strain rate sensitivity

parameter (m) representing iso-m contours in different

deformation regimes and strain of 0.4

localization, these results confirm previous findings,
suggesting the risk of insufficient workability or
premature fracture by hot deformation at about 950 °C.
Another criterion, which was proposed by
ZIEGLER [24], considered the stability condition of
deformation in a given material via the dynamic material
model approach and proposed that stable flow is ensured
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if following inequality satisfies

_olnfm/(m+1)]

>0 2
Olne " @

S(@)

The variation of instability parameter £(£) in the
window of temperature and strain rate yields a map in
which instability regions are characterized by negative
£(€) . Figure 12 demonstrates the iso-stability contours
of instability map for the wrought material. Consistent
with the m-window, shown in Fig. 11, &window also
predicts the possibility of plastic instability at low
temperatures, in particular, between 950 and 1050 °C and
at high strain rates. This mode of instability is often due
to the flow localization and introduces the dashed region
as an unsafe range of processing. It is often observed that
the flow localization happens in conditions which are
characterized by low m values. This is because when m is
high, the material withstands against flow localization.
The direct relationship between the value of m and
resistance to flow localization is inferred from Eq. (1).
Under a high-m condition, when flow localization
happens, the strain rate increases locally. According to
Eq. (1), flow stress increases considerably and leads to
suppressing further flow in the localized region. This
therefore leads to a self-consistent mechanism of flow
transition to other regions of the material, which finally
results in a more uniform deformation. Based on all the
mechanical and microstructural investigations on the
wrought and cast Ni—42Cu alloys, temperatures in the
range of 1050—1150 °C can be introduced as the safest
range of hot working.
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Fig. 12 Strain rate—temperature map of instability parameter (&)
representing iso-stability contours at different deformation
regimes and strain of 0.4 (Dashed region which is characterized
by £<0 is unsafe region)

4 Conclusions

1) The cast and wrought Ni—42Cu alloys subjected
to the hot tensile tests showed a “hot ductility trough” at

about 950 °C. The drop in hot ductility was severer in the
cast alloy due to more sluggish DRX.

2) The hot ductility drop and extensive grain
boundary cracking were attributed to the segregation of
detrimental atoms which led to the boundary weakening.

3) It was found that increasing strain rate has a
positive influence on the hot ductility of the alloy. This
was attributed to the change in the mechanism of DRX
which could lead to the increase of recrystallization
fraction with increasing strain rate.

4) The strain rate sensitivity and instability
windows, developed from the hot compression tests,
showed that the material is prone to strain localization at

low temperatures, i.e., 950—1050 °C, and high strain

rates of 0.1 and 1 s..

5) Based on the hot tensile and compression tests,
the best temperature range for a desirable hot workability
was found as 1050—1150 °C.
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W E: AT O EIERBIE AT T Ni-42Cu & & MR T AR TIHRE, RN 900~1150 °C RiIARH A
9 0.001~1 57" [FIZAE A ST R SEEG . FASEEe 45 R, 950 °C I H5E MG B Al & &3 B “ o
PERA . BUNSHESEHE R, HiEGENHBIERKENNE ., 5&0FREE S &) IABIERRK. BRITF
ZUAR T B R IR T S RAT . BRI R, G S S MAME AR, X5 RN ARER T AL
e B I 5. BhEE RIRTE T ANAS TG AR LR BE RS 2R T A8k . v A5 BRS-GBS 10 AR Tl 2R BB RIS
e SR RERY, A SEMRE 950~1050 °C FIENASHEZR 0.1 M 1 s ME T 5 KA N A . ARHE R Al
TR SR aE R, AE3RA AN TR B AR N 1050~1150 °C.

KR Ni-Cu &4 #BM; J1%vee: shAHSE; #URgE: BIRH
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